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INTRODUCTION 


We  originally  hypothesized  that  HIV-1  had  developed  a  capability  for  evading  immune 
responses  that  could  be  overcome  by  focusing  immune  responses  to  specific  targets 
essential  for  the  virus  and  defined  in  part  by  neutralizing  antibodies  and  T-cell  responses. 
To  test  this  hypothesis,  we  proposed  to  identify  synthetic  mimetics  corresponding  to 
neutralizing  epitopes  recognized  by  broadly  neutralizing  antibodies  as  well  as  seek  new 
antibodies  using  mimetics.  We  proposed  to  initially  focus  on  two  antibodies,  MAb  58.2 
that  binds  a  sequential  epitope  on  the  V3  loop  and  IgGbl2  that  binds  a  discontinuous 
epitope  which  overlaps  with  the  CD4  binding  site.  Both  epitopes  reside  on  the  HIV-1 
envelope  protein  gpl20. 
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Technical  Objectives 


Overall  Objective  (taken  from  original  proposal)  :  The  overall  objective  is  to  (1)  identify 
the  fine  structure  specificity  and  conformational  requirements  of  neutralizing  epitopes.  (2)  mimic 
these  epitopes  with  synthetic  peptides  and/or  constrained  peptides,  (3)  combine  them  with  T-cell 
epitopes  in  MAPS  and  (4)  use  them  alone  or  in  combination  to  formulate  an  AIDS  vaccine. 

Specific  Objectives  (original  objectives  in  italic  are  followed  by  a  summary  of  the 
results  with  reference  to  detailed  descriptions): 

1.  Identify  conformational  epitopes  recognized  by  HIV  neutralizing  antibodies  using  loop 
libraries  expressed  on  filamentous  phage. 

a.  Ten  phage-antibody  libraries  were  used  as  a  source  of  constrained  loop  libraries  with  over  a 
billion  independent  clones  for  screening  against  a  high-affinity  version  of  IgGbl2,  Fab  3B3. 
Although  several  clones  bound  the  antibody  and  were  sequenced,  there  was  only  passing 
homology  with  gpl20  sequences  (See  Army  Report  1996,  Ref.  la  for  details). 

b.  A  reverse  screen,  using  a  cyclic  C3  peptide,  [JKQSSGGDPEIVGZjC,  which  encompassed 
an  epitope  critical  for  CD4  and  IgGbl2  binding  was  found  to  select  for  the  bl3  family  of  CD4- 
binding  site  antibodies  from  Fab-phage  libraries  derived  from  HIV-1  infected  individuals  (See 
Army  Report  1996,  Ref.  la  for  details).  However,  affinity  must  be  weak  since  we  could  not 
establish  direct  binding  of  the  cyclic  C3  peptide  to  isolated  Fab  bl3.  The  cyclic  C3  peptide  did  not 
select  for  IgGbl2  (See  Army  Report  1996,  Ref.  la  for  details).  The  cyclic  C3  peptide  was  tested 
as  an  immunogen  (See  #3a). 

c.  A  cyclic  disulfide  loop  that  binds  IgG  bl2  was  identified  by  our  collaborator.  Dr.  Jamie 
Scott,  using  phage-peptide  libraries.  This  result  was  confirmed  in  our  lab  by  showing  that  the 
corresponding  synthetic  disulfide  loop,  CJS2,  bound  weakly  to  IgGbl2  (See  Army  Report  1997, 
Ref.  2a  for  details).  However,  there  was  no  correspondence  between  the  amino  acid  sequence  of 
the  disulfide  loop  and  epitopes  on  gpl20  required  for  IgGbl2  affinity. 

d.  Focused  peptide  libraries  based  on  shuffled  gpl20  residues  important  for  IgGbl2  binding 
were  synthesized.  These  libraries  were  screened  with  IgGbl2.  Several  peptides,  rich  in  tryptophan 
were  identified  that  blocked  gpl20  binding  to  sCD4  and  IgGbl2  at  10-100  pM  (See  Army  Report 
1996,  Ref.  lc  for  details).  There  was  no  apparent  relationship  between  these  peptides  and  a  gpl20 
sequence. 

To  summarize,  when  IgGbl2  was  screened  with  several  different  types  of  large  peptide 
libraries,  different  low  affinity  peptides  were  selected  with  at  best  only  passing  homology  with 


5 


gpl20.  This  suggests  that  either  peptides  are  being  selected  by  irrelevant  binding  cavities  on 
IgGbl2  and/or  tolerance  at  the  binding  site  for  amino  acid  diversity  which  complicated  analysis  and 
further  development.  However,  a  definitive  interpretation  will  require  X-ray  crystallography  of  Fab 
b  12-peptide  complexes.  The  cyclic  disulfide  loop,  CJS2,  has  been  submitted  to  Wilson’s  lab  for 
crystallization  with  the  Fab  fragment  of  IgG  bl2  (See  #4b). 

2.  Develop  predictions  for  secondary  and  tertiary  structures  of  neutralizing  epitopes  on  HIV-1 
gpl20  and  gp41  proteins  using  computer  assisted  analyses  of  primary  amino  acid  sequences. 

We  collaborated  with  Skolnick's  lab  to  predict  structures  for  the  V1/V2  (See  Army  Report 
1996,  Ref.  lb  for  details)  and  V3  loops  (see  original  proposal)  providing  structural  data  that 
complements  the  missing  parts  of  the  core  crystal  structure  for  HIV-1  gpl20  bound  by  sCD4  and  a 
neutralizing  Fab  17b  that  has  been  reported  by  Hendrickson's  group  [14,15].  Crystal  structures  for 
HIV-1  core  gp41  have  been  reported  by  several  groups. 

3.  Conformationally  restrict  selected  peptides  from  gpl20  and  gp41  to  loops  identified  with 
libraries  and  to  predicted  structures  using  covalent  hydrogen  bond  mimics  and  machine-assited 
multiple  cyclic  peptide  synthesis  (MCPS). 

Several  extensive  studies  were  carried  out  to  identify  constrained  peptide  mimetics  of 
neutralizing  epitopes.  The  following  constrained  peptide  mimetics  were  synthesized. 

a.  A  cyclic  C3  peptide,  [JKQSSGGDPEIVGZ]C,  that  encompassed  an  epitope,  DPE, 
recognized  by  IgGbl2  on  gpl20  was  synthesized  (See  Army  Report  1996  and  Ref.  Id  for  details). 
Although  this  cyclic  peptide  did  not  bind  IgGbl2,  it  selected  for  the  bl3  class  of  CD4-binding  site 
antibodies  from  Fab-phage  libraries  (#lb).  It  was  prepared  and  tested  as  an  immunogen  (See 
#7, #8). 

b.  Acyclic  disulfide  loop  peptide,  CJS-2,  selected  from  a  phage-peptide  library  by  IgGbl2 
(#lc)  was  synthesized  and  shown  to  bind  weakly  to  IgGbl2.  Binding  was  specific  and  dependent 
on  cyclization  (See  Army  Report  1997,  Ref.  2a  for  details).  Although  intriguing,  it  showed  no 
correspondence  with  a  gpl20  sequence.  The  cyclic  peptide  was  submitted  to  Wilson's  group  for 
X-ray  crystallography  with  the  Fab  fragment  of  IgG  bl2  (#4b). 

c.  Linear  and  cyclic  C3  peptides  encompassing  the  DPE  epitope  were  linked  through  peptides 
of  various  lengths  to  ADSRDNWR  from  C5  which  is  also  likely  bound  by  IgGbl2.  However, 
these  peptides  did  not  bind  IgGbl2  (See  Army  Report  1997,  Ref.  2a  for  details). 

d.  A  small  quantity  of  peptide  corresponding  to  the  V1/V2  domain  was  synthesized  (See  Army 
Report  1997,  Ref.  2b  for  details). 
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e.  A  cyclic  V3  peptide  that  mimics  the  conformational  epitope  bound  by  MAb  58.2  was 
optimized  for  affinity  (See  Army  Report  1998,  Ref.  3  as  well  as  Ref.  5  for  details).  Several  cyclic 
V3  peptides  have  been  submitted  to  the  Wilson  lab  for  crystallography  (#4a). 

f.  A  series  of  gpl20  peptides  were  stabilized  as  a-helices  using  the  hydrazone  link.  Parren's 
lab  at  The  Scripps  Research  Institute  has  shown  that  several  of  these  stabilized  a-helices  identify 
antibodies  in  HIV-1  infected  human  antisera  that  are  poorly  recognized  if  at  all  with  corresponding 
linear  peptides  (See  this  Report,  pp  9-19). 

4.  Collaborate  on  the  X-ray  crystal  structure  determination  of  constrained  peptides  bound  to 
neutralizing  antibodies. 

a.  A  crystal  structure  for  a  long  linear  and  two  hydrazone-linked,  cyclic  V3  peptides  bound  to 
MAb  58.2  have  been  reported  (Refs.  4,  5).  A  high  affinity  cyclic  V3  peptide  was  submitted  for 
crystallography  with  MAb  58.2. 

b.  A  cyclic  disulfide  loop  that  binds  IgG  bl2  (#lc,  #3b)  has  been  submitted  to  the  Wilson  lab 
for  crystallization. 

5.  Validate  constrained  peptides  as  antigens  in  binding  assays  with  receptors  and/or  neutralizing 
antibodies  to  gp!20  and  gp41. 

See  #  3. 

6.  Determine  the  solution  structure  of  promising  constrained  peptide  vaccines  by  nuclear  magnetic 
resonance  (NMR)  spectroscopy  when  warranted  for  rational  vaccine  design. 

NMR  spectroscopy  was  used  to  compare  solution  structures  of  a  linear  and  cyclic  V3  peptide 
that  showed  low  and  high  affinity  for  MAb  58.2  respectively  (See  Army  Report  1998,  Ref.  3  and 
also  Ref.  5  for  details).  It  was  found  by  NMR  that  the  cyclic  peptide  stabilized  solution 
conformations  that  closely  resembled  the  MAb  58.2  bound  conformer  that  had  been  determined  by 
X-ray  crystallography  [4,5].  This  demonstrates  that  the  enhanced  affinity  of  a  constrained  peptide 
for  an  antibody  reflects  mimicry  of  the  bound  epitope.  Enhanced  affinity  thus  provides  a  simple 
screen  for  identifying  constrained  peptides  mimetics  of  neutralization  sites. 

7.  Combine  constrained  peptides  with  T-cell  epitopes  in  multiple  antigen  presentation  systems 
(MAPS). 
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Two  corresponding  pairs  of  linear  and  constrained  peptides  were  linked  to  a  core  MAPS 
containing  a  "promiscuous"  tetanus  toxoid  T-cell  epitope.  These  large  peptides  (>130  amino  acids) 
were  prepared  in  nearly  pure  form  as  judged  by  mass  spectrometry  and  generated  high  titers  of 
antibodies  in  mice  and  rabbits. 

a.  Linear  and  corresponding  cyclic  C3  peptide-MAPS  (#lb,3a)(See  Army  Report,  Ref.  Id  for 
details). 

b.  Linear  and  corresponding  cyclic  V3  peptide-MAPS  (#3d,4a,6)(See  Army  Report,  Ref.  3 
and  Ref.  5  for  details). 

8.  Evaluate  immungenicity  of  MAPS  in  animals  and  neutralization  titers  with  lab  strains  and  non- 
passaged  primary  isolates. 

a.  The  cyclic  C3  peptide-MAPS  (#7a)  generated  polyclonal  antibodies  in  mice  that  bound 
gpl20  IIIB  while  antibodies  generated  to  the  linear  C3-MAPs  did  not  bind  gpl20.  The  result  was 
confirmed  by  BIACORE  (See  Army  Report  1996,  Ref.  Id  for  details).  However,  subsequent  tests 
in  mice  and  rabbits  did  not  generate  gpl20 11LB  or  MN  binding  antibodies. 

b.  Rabbit  polyclonal  antibodies  generated  to  the  cyclic  V3-peptide  MAPS  but  not  the  linear  V3 
peptide-MAPS  bound  gpl20  (MN)  and  neutralized  HIV-1  (MN).  However,  these  antibodies  did 
not  neutralize  a  primary  isolate,  JR-CSF  (See  Army  Report  1998  and  Ref.  5  for  details). 
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Identifying  Antibodies  to  Conformational  Epitopes  on  HIV-1  gpl20  with 
Alpha-Helical  Peptides 

Edelmira  Cabezas,  Paul  W.  H.  I.  Parren  and  Arnold  C.  Satterthwait 

Antisera  are  often  screened  with  peptides  in  attempts  to  identify  native- 
protein  epitopes  for  vaccine  design.  However,  most  native-protein 
antibodies  do  not  bind  peptides  and  those  that  do  often  show  preferences  for 
denatured  protein.  We  have  identified  antibodies  in  antisera  from  HIV-1 
infected  individuals  using  peptides  stabilized  as  alpha-helices  that  are 
poorly  recognized  by  linear  peptides.  This  data  indicates  that  a  novel  class 
of  conformationally  sensitive  antibodies  can  be  identified  with  constrained 
peptides.  In  the  present  case,  these  include  antibodies  to  an  alpha-helix  on 
the  "immunologically  silent  face"  of  gpl20  and  a  conserved  CD4-induced 
CCR5  binding  site  on  gpl20. 

The  structure-based  approach  to  synthetic  vaccines  relies  on  using  potent 
neutralizing  monoclonal  antibodies  as  templates  for  developing  constrained  peptide  mimetics 
[5].  While  this  approach  can  be  effective,  there  are  few  neutralizing  monoclonal  antibodies 
that  neutralize  primary  isolates.  On  the  other  hand,  antisera  from  a  subset  of  long-term 
nonprogressors  show  broadly  neutralizing  activities  [6]  implying  that  additional  neutralizing 
antibodies  remain  to  be  isolated  and  characterized . 

Antibodies  generated  by  native  proteins  often  show  conformational  requirements  for 
discontinuous  epitopes  [7].  Discontinuous  epitopes  present  a  considerable  challenge  for 
peptide  mimicry.  For  this  reason,  researchers  have  searched  for  peptide-reactive  antibodies 
since  in  some  cases  the  peptides  they  bind  can  be  utilized  to  recapitulate  neutralizing 
activities  [8].  However,  this  approach  has  often  led  to  disappointment.  It  has  also  been 
argued  that  peptide-reactive  antibodies  reflect  antibodies  generated  by  denatured  protein  and 
are  irrelevant  [7].  This  viewpoint  is  in  fact  strongly  supported  by  peptide-reactive 
monoclonal  antibodies  (MAbs)  generated  by  HTV-1  gpl20  which  mostly  show  a  preference 
for  denatured  gpl20  compared  with  native  gpl20  [9]. 

Two  of  our  earlier  studies  showed  that  constrained  peptides,  designed  to  mimic 
protein  loops,  could  detect  antibodies  generated  by  epidermal-growth-factor-like  proteins 
that  went  undetected  with  linear  peptides  [10,11].  This  implied  that  the  affinities  of  native- 
protein  antibodies  could  be  very  sensitive  to  peptide  conformation.  We  then  showed  that  the 
affinity  of  a  V3  peptide  for  the  HIV-1  (MN)  neutralizing  antibody  MAb  58.2  could  be 
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enhanced  >  1,000-fold  by  constraining  it  [5].  It  was  further  shown  in  structural  studies  that 
the  constrained  Y3  peptide  stabilized  conformation(s)  that  reflected  the  MAb  binding  cavity 
[5].  The  large  affinity  enhancements  of  constrained  peptides  for  native-protein  antibodies 
suggested  that  this  effect  might  be  widespread.  If  so,  then  new  antibodies  might  be  detected 
in  HIV-1  neutralizing  antisera  using  constrained  peptides  corresponding  to  envelope  protein 
substructures.  Antibodies  that  show  conformational  sensitivity  likely  reflect  native 
protein. and  could  be  used  as  templates  for  structure-based  approaches.  To  determine 
whether  conformationally  sensitive  antibodies,  detectectable  with  constrained  peptides  might 
be  a  common  feature  of  HIV-1  antisera,  we  screened  antisera  from  long-term 
nonprogressors  with  a  series  of  peptides  from  gpl20  stabilized  as  a-helices. 

Results 

Although  a-helices  make  up  about  a  third  of  globular  proteins  including  HIV-1 
gpl20  and  are  often  exposed  on  protein  surfaces,  we  are  unaware  of  any  rigorous  studies 
establishing  that  native-protein  binding  antibodies  can  bind  short  peptides  from  a-helical 
regions.  This  runs  counter  to  the  general  notion  that  the  whole  surface  of  a  protein  should  be 
antigenic  [7].  Since  the  hydrazone  link  can  be  used  to  stabilize  peptides  as  a-helices,  we 
inserted  it  into  peptides  corresponding  to  every  predicted  and  observed  a-helix  in  gpl20  for 
testing  as  antigens.  If  the  whole  surface  was  antigenic,  then  perhaps  new  activities  might  be 
detected. 

The  hydrazone  link  is  ideal  for  stabilizing  peptides  as  a-helices  for  screening 
purposes  [12]  since  it  can  be  used  to  replace  an  i,  i  +  4  hydrogen  bond  at  the  N-termini  of 
peptides  to  form  an  a-helix  nucleation  site  (NucSite)[12].  NucSites  overcome  the 
energetically  most  significant  barrier  to  helix  stabilization  and  propagate  peptides  as  a- 
helices  without  alterations  of  side  chains  leaving  them  free  for  binding  to  antibodies.  We 
synthesized  a  series  of  overlapping  pairs  of  corresponding  linear  and  a-helix  nucleated 
HIV-Imn  peptides  (A1-A6  and  V3, 10-12  amino  acids)  (Table  1)  based  on  predicted  gpl20 
structures  [13],  The  MN  peptides  were  inserted  between  acetyl-GLAGA  or  the 
corresponding  a-helix  nucleation  site  (NucSite-Ala,  [JLAZ]A)  and  K(Biotin)-NH2.  Since 
sequence  determines  the  degree  to  which  a  peptide  can  be  propagated  as  a  helix,  we  selected 
overlapping  sequences  on  the  basis  of  helix  propensities  and  occasionally  replaced  MN 
amino  acids  with  Ala  which  stabilizes  the  helical  conformation.  J  and  Z  are  linkers  used  to 
form  the  hydrazone  link  during  solid  phase  sysnthesis  [12].  The  C-terminal  biotin  was  used 
to  adhere  peptides  to  neutrAvidin  coated  microtiter  wells  for  antibody  binding. 
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The  a-helix  stabilized  peptides  include  those  that  overlap  corresponding  helices  in  a 
crystal  structure  of  a  gpl20  core  complexed  with  two-domain  sCD4  and  Fab  17b  [14,15], 
The  core  gpl20  structure  was  stripped  of  N  and  C-terminal  sequences  and  the  V1/V2/V3 
loops  while  retaining  the  V1/V2  stem.  Fab  17b  binds  a  CD4-inducible  epitope  which 
overlaps  the  CCR5  chemokine  receptor  binding  site  and  blocks  binding  of  CD4  bound 
gpl20  to  CCR5  which  is  an  obligatory  step  in  HIV-1  infection. 

As  summarized  in  Table  2,  the  helix-stabilized  peptides  encompass  sequences  from 
a-helices  from  the  inner  domain  (al)  of  the  complexed  core,  from  exposed  V2  (a2)  and  V3 
(V3)  regions  that  were  absent  from  the  gpl20  core,  from  the  "immunologically  silent  face" 
of  gpl20  (a3),  present  on  the  core,  from  a  region  (a4)  that  adapts  a  strand-(3-hairpin 
structure  on  the  core,  from  a  second  inner  domain  a-helix  (a5)  present  in  the  core  and  from 
the  C-terminal  end  that  is  truncated  from  the  core.  Two  short  a-helices  (<  5  amino  acids) 
present  in  the  core  structure  were  not  predicted  and  deemed  to  short  for  stabilization  with  a 
NucSite. 

The  a4-l  peptide  (Table  1)  encompasses  amino  acids  that  overlap  epitopes  for 
CD4bs  antibodies  (K421,W427),  sCD4  (1424),  MAb  17b  (R41 9,1420, K421.Q422, 1423) 
used  to  cocrystallize  core  gpl20  and  the  CCR5  binding  site  (R41 9,1420, K421,Q422). 
Although  this  region  is  non-helical  in  the  complexed  gpl20  core,  it  is  central  to  a  CD4- 
induced  epitope  that  is  bound  by  MAb  17b  and  CCR5. 

Two  human  antisera  were  titered  against  the  peptides  and  rgpl20jyiN-  These  antisera, 
FDA-2  and  RW1,  showed  broadly  neutralizing  activity  against  primary  isolates  from  several 
Clades  [16].  The  FDA2  antisera  showed  higher  titer  against  rgpl20  which  are  reflected  by 
titers  to  the  peptides.  Taking  into  account  the  reduced  titers  for  the  RW1  antisera,  the 
profiles  were  essentially  identical.  The  titration  data  for  the  FDA-2  antiserum  for  linear  and 
helix-stabilized  gpl20  peptides  are  plotted  in  Figure  1 . 

The  stabilized  a-helical  peptides  identify  new  antibody  activities  that  are  barely 
observed  if  at  all  with  the  linear  peptides  (Fig.  1,  summarized  in  Table  1).  These  include 
antibodies  to  an  a-helix  on  the  "immunologically  silent"  face  of  gpl20  (a2  on  core  gpl20) 
and  to  a  region  within  the  CD4i  epitope  (predicted  a4  helix).  On  the  other  hand,  no 
reactions  were  observed  with  a-helical  peptides  corresponding  to  the  two  inner  domain  a- 
helices  (al,  a5  on  core  gpl20)  present  in  the  core  structure  nor  to  the  V2  peptides 
(predicted  a2).  A  weak  reaction  was  observed  with  the  V3  helical  peptide.  Antibodies  were 
detected  with  both  the  linear  and  helical  C-terminal  peptides  (predicted  a6). 

The  enhanced  reactions  with  a-helical  peptides  imply  that  the  bound  antibodies  were 
generated  to  a-helices.  They  demonstrate  that  constraining  peptides  to  a-helices  can 
significantly  enhance  their  activities  (affinities)  for  antibodies  generated  to  a-helices.  Most 
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helices  in  proteins  are  short  with  a  median  length  of  10  residues  (88%  <  15  residues)  and 
devoid  of  structure  in  water  even  at  low  temperature.  Since  the  affinity  of  peptides  to 
antibodies  is  proportional  to  the  degree  by  which  they  adapt  a  complementary  structure  in 
solution  [5],  the  results  imply  that  many  reactions  of  antibodies  generated  against  a-helices 
will  be  missed  by  screening  with  short  peptides.  These  results  complement  preliminary 
results  with  constrained  peptide  loops  which  showed  enhanced  activities  with  antibodies 
generated  by  P.  falciparum  EGF-like  proteins.  The  enhanced  affinity  of  constrained 
peptides  for  antibodies  provide  a  means  for  distinguishing  native-protein  antibodies  from 
denatured  protein  antibodies. 

Most  but  not  all  of  the  data  can  be  accounted  for  in  terms  of  what  is  known  about 
gpl20  from  the  core  crystal  structure  [14,15]  and  other  data.  No  antibodies  were  detected  to 
two  inner  domain  a-helices  as  would  be  expected  if  antibodies  were  formed  against  an 
oligomeric  trimer  that  buried  these  helices.  The  inner  domain  is  exposed  on  monomeric 
rgpl20.  Although  sequence  variation  in  infective  HIV-1  viruses  could  reduce  binding  of 
MN  peptides  used  in  this  study  to  antibodies  specific  for  different  sequences,  the  al  and  a5 
sequences  show  very  little  variation  across  Clade  B  isolates  and  neither  antiserum  binds 
these  peptides. 

On  the  other  hand,  antibodies  were  detected  to  a3  helix-stabilized  peptides.  These 
peptides  correspond  to  an  alpha  helix  (a2)  located  on  the  exposed  outer  domain  of  the  core 
gpl20  crystal  structure  [14].  Although  the  gpl20  a2  helix  is  in  the  "immunologically  silent 
region”,  the  presence  of  antibodies  to  this  epitope  implies  that  this  region  is  not  "silent"  but 
rather  antibodies  to  this  region  are  conformational  antibodies  that  can  not  be  detected  with 
linear  peptides.  The  gpl20  a2  helix  undergoes  considerable  variation  [14]  which  agrees 
with  its  exposure  to  antibodies.  The  titer  to  the  MN  constrained  peptide  could  reflect 
differences  in  fine  structure  specificity  which  would  lower  it.  The  "silent"  face  is  adjacent  to 
the  "neutralizing"  face  which  binds  CD4  and  CCR5  [14].  Although  it's  location  implies  that 
the  "silent"  face  is  nonneutralizing,  the  potent  neutralizing  MAb  2G12  shows  specificity  for 
glycosylated  Asn  residues  on  this  face  [17].  Helix-stabilized  peptides  corresponding  to  a2 
on  core  gpl20  might  be  used  for  isolating  antibodies  to  the  silent  face  for  determination  of 
whether  it  is  a  neutralizing  face. 

These  former  results  which  can  be  accounted  for  in  terms  of  the  core  gpl20  crystal 
structure  contrast  to  the  binding  of  the  helical  A4-1  and  A4-2  a4  peptides.  The  cognate 
sequences  in  the  core  gpl20  form  a  non-helical  structure  that  is  bound  by  Fab  17b  [14,15]. 
The  A4-1  sequence  encompasses  amino  acids  that  correspond  to  (3-strands,  (319  (RIK)  and 
(320  (QIINM)  that  forms  at  an  angle  to  |319  and  a  loop  (NMWQ).  These  regions  encompass 
a  core  region  within  the  CD4i  MAbl7b  and  CCR5  binding  site  epitopes  (K/R4 19-1423). 
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The  A4-2  peptide  corresponds  to  the  apex  of  a  p-hairpin  formed  from  p20  (INM),  a  loop 
(NMWQK)  and  p21  (VGKA).  CD4  binds  N425-V430  at  the  apex  of  the  p-hairpin,  which 
is  represented  in  A4-1  (NMWQ)  and  A4-2  (NMWQEV);  the  MN  sequence  substitutes  E  for 
K  present  in  the  core  which  is  from  the  BH10  virus.  There  is  more  potential  for  variability 
in  the  A4-2  sequence  which  also  includes  a  G/A  substitution  than  in  the  A4-1  sequence 
which  could  account  for  its  lower  titer. 

The  observation  that  antibodies  bind  a-helical  A4  peptides  implies  that  the  adjacent 
CD4/CCR5  binding  regions  can  undergo  a  conformational  transition,  possibly  between  an 
a-helix  on  native  gpl20  and  CD4-bound  gpl20.  This  agrees  with’  prior  observations  that 
suggest  a  conformational  transition  takes  place  [14,18],  Studies  show  that  when  sCD4 
binds  gpl20,  epitopes  on  the  V3  loop  and  the  chemokine  receptor  binding  site  on  gpl20  are 
exposed  (CD4i  epitopes)  to  binding  by  CD4i  antibodies  and  CCR5  indicating  a  CD4 
induced  conformational  change  [18].  The  changes  could  involve  the  repositioning  of  loops 
and/or  more  elaborate  structural  changes.  The  observation  of  antibodies  specific  for  a4  a- 
helical  peptides  is  consistent  with  a  transition  from  a  C4  a-helical  stmcture  to  the  more 
complex  core  structure  that  is  observed  to  be  bound  by  sCD4.  However,  if  a  structural 
reorganization  occurs,  it  may  be  localized  as  suggested  by  the  presence  of  antibodies  to  the 
gpl20  a2  helix  which  is  present  on  the  core  structure. 

Discussion 

This  study  demonstrates  that  new  antibodies  can  be  detected  in  HIV-1  antiserum 
with  a-helix  nucleated  gpl20  peptides.  Earlier,  we  reported  that  cyclic  peptide  mimetics  of 
protein  loops  identified  antibodies  in  antisera  generated  to  native  EGF-like  proteins  [10,1 1], 
The  observations  that  constrained  peptides  nucleated  as  a-helices  and  loops  can  identify 
antibodies  in  antiserum  from  different  sources  implies  that  this  novel  class  of  antibodies  is 
widespread.  The  detection  of  these  conformationally  sensitive  antibodies  bring  perspective 
to  peptide-reactive  antibodies  and  has  important  implications  for  synthetic  vaccine  research. 

The  new  antibodies  show  large  affinity  enhancements  for  constrained  peptides 
compared  with  linear  peptides.  It  is  likely  that  they  reflect  antibodies  generated  to  native 
protein.  These  large  affinity  enhancements  are  mirrored  by  the  affinity  enhancements  of 
constrained  V3  peptides  for  MAb  58.2  [5].  In  this  latter  case,  NMR  spectroscopy  [5]  and 
X-ray  crystallography  [19]  was  used  to  demonstrate  a  conformational  basis  for  this  effect. 
Constraining  a  peptide  prior  to  binding  reduces  the  energy  cost  and  enhances  affinity  [5]. 

Linear  peptides  are  often  used  to  detect  antibodies  and  analyze  immune  responses  to 
pathogens  as  a  prelude  to  vaccine  studies  [7,9].  However,  the  origins  and  significance  of 
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these  activities  have  been  hotly  debated  [7].  It  have  often  been  observed  that  one  or  a  few 
overlapping  peptides  based  on  a  protein  sequence  are  antigenic  while  many  others  show  no 
activity.  This  has  led  to  the  concept  of  immunodominance  i.e.  that  certain  regions  of 
proteins  are  more  immunogenic  than  others.  A  completely  different  position  regarding 
peptide-reactive  antibodies  has  been  taken  by  others  [7].  This  position  is  that  peptide- 
reactive  antibodies  mostly  reflect  denatured  protein  while  most  antibodies  generated  by 
native  protein  bind  discontinuous  epitopes  [7].  The  large  effect  of  conformation  on  peptide 
affinity  for  serum  antibodies  shed  light  on  these  issues. 

It  has  been  noted  that  peptides  corresponding  to  "immunodominant"  epitopes  that  are 
immunogenic  frequently  adapt  P-tum  conformations  at  low  temperature  in  water  [20],  Our 
data  implies  that  any  tendency  of  a  peptide  towards  stabilization  of  a  protein  structure  would 
significantly  enhance  affinity  for  native-protein  antibodies.  Presumbly,  the  detection  of  a 
limited  number  of  peptides  by  some  antisera  reflect  the  tendency  of  a  small  number  of 
peptides  to  partially  stabilize  protein  like  conformers.  The  detection  of  serum  antibodies  with 
peptides  that  stabilize  P-turns  thus  likely  reflects  immunodetectability  rather  than 
"immunodominance".  If  so,  then  peptides  stabilized  as  loops  and  a-helices  should  cast  a 
wider  net  as  we  have  observed. 

The  discovery  that  constrained  peptides  bind  antibodies  with  enhanced  affinity, 
identifying  new  activities  could  have  important  ramifications  for  synthetic  vaccine  research 
in  general  and  HIV-1  vaccine  research  in  particular.  First,  constrained  peptides  identify  new 
antibodies  suitable  for  use  as  templates  in  structure-based  synthetic  vaccine  strategies. 
Second,  enhanced  affinity  provides  a  means  for  distinguishing  antibodies  generated  by 
native  protein  from  those  generated  by  denatured  protein.  Most  peptide-reactive  MAbs 
generated  to  gpl20  show  preferences  for  denature  gpl20  [9].  Third,  affinity  enhancement 
provides  a  simple  measure  for  optimizing  the  structures  of  peptide  mimetics  as  demonstrated 
in  the  MAb  58.2  study  [5]  which  in  turn  are  demonstrably  far  more  immunogenic  than 
corresponding  linear  peptides. 

A  major  challenge  for  an  HIV-1  vaccine  will  be  the  genetic  variability  of  the  virus.  It 
may  be  of  critical  importance  to  develop  vaccines  that  can  focus  immune  responses  on 
epitopes  least  subject  to  mutation.  Constrained  peptides  provide  a  means  for  focusing 
antibodies  on  defined  epitopes  that  may  be  difficult  to  achieve  by  other  means.  A  major 
problem  for  synthetic  vaccine  researchers  has  been  a  lack  of  template  antibodies  for  use  in 
optimizing  peptide  immunogens.  The  discovery  that  a  whole  new  class  of  conformationally 
sensitive  antibodies  can  be  detected  with  constrained  peptides  might  be  utilized  to  alleviate 
this  need. 
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Materials  and  Methods 


Synthesis.  Linear  and  helical  peptides  were  synthesized  by  the  solid-phase  method, 
following  the  Fmoc  strategy.  Side-chains  were  protected  using  Fmoc-Arg(Pbf),  Fmoc- 
Asp(OBut),  Fmoc-Glu(OBut),  Fmoc-His(Trt),  Fmoc-Lys(Boc),  Fmoc-Ser(But),  Fmoc- 
Thr(But),  Fmoc-Trp(Boc)  and  Fmoc-Tyr(But).  Peptides  were  analyzed  and  purified  with 
Gilson  analytical  and  preparative  HPLC  systems  using  linear  gradients  formed  from  solvent 
systems  A:  0.1%TFA/H2O  (v/v)  and  B:  0.1%TFA/AN  (v/v). 

Linear  peptides  were  synthesized  with  an  ACT-350  multiple  peptide  synthesizer 
(Advanced  Chem  Tech)  on  Fmoc-Lys(e-d-Biotin-LC)-Rink  amide-MBHA  resin  (0.34 
meq/g)  using  standard  Fmoc  synthesis  with  DIC/HOBt  coupling.  The  N-termini  of  peptides 
were  acetylated  on  the  resin  with  15%  acetic  anhydride  in  DMF.  The  acetylated  peptides 
were  cleaved  with  Reagent  K  (1),  precipitated  with  diethyl  ether  and  purified  using  a 
preparative  RP  C-18  column  (Cosmosil  5C18-AR,  2  x  25  cm)  eluting  at  8  mL/  min  with  a 
gradient  of  0-20%  AN  over  5  min,  followed  by  20-60%  AN  over  25  min.  Peptides  were 
confirmed  by  electrospray  mass  spectroscopy. 

Helical  peptides  were  synthesized  by  using  a  hydrazone  link  which  was  inserted  into 
peptides  during  solid-phase  synthesis  using  Fmoc-Lys(e-d-Biotin-LC)-Rink  amide-MBHA 
resin  (0.34  meq/g)  according  to  Scheme  1  using  previously  described  procedures  [12] 
These  syntheses  required  the  prior  preparation  of  J  and  FmocZ(Act)  (2).  N-a-Fmoc-Alanine 
chloride  was  prepared  according  to  Carpino  et  al.  [21]  and  shown  to  be  >  98%  acyl  chloride 
by  the  methanol  test.  Initially,  the  peptides  were  synthesized  on  the  synthesizer  up  to  the 
residue  that  precedes  Z  as  described  above  for  linear  peptides.  The  peptide-resin  was  then 
transferred  to  mesh  packets  to  continue  the  synthesis  of  JLAZ  using  a  previously  described 
protocol  [12].  The  peptides  were  cyclized  on  the  resin  using  HC1  (2  meq  of  HCl/meq  of 
peptide)  in  20%  TFE/DCM  [12].  Cyclic  peptides  were  cleaved  from  the  resin  and 
deprotected  with  5%  H20/95%  TFA  and  precipitated  with  diethyl  ether.  The  cyclic  peptides 
were  purified  by  HPLC  using  a  preparative  RP  C-18  column  (Cosmosil,  5C18-AR)  eluting 
at  8  mL/min  with  a  0-20%  AN  gradient  over  5  min  followed  by  a  20-50  or  60%  AN  over  25 
min.  The  purified  peptides  were  confirmed  by  electrospray  mass  spectroscopy. 

ELISA  assay.  Linear  and  helix  peptides  (100  ng/100  pL  PBS/well)  were  added  to  96- 
well  neutrAvidin  coated  microtiter  plates  (Pierce)  and  incubated  overnight  at  4°C,  the  plates 
were  then  washed  four  times  with  distilled  water.  FDA-2  and  RW1  human  antiserum  from  a 
long-term  nonprogressor  [16]  were  serially  diluted  two-fold  with  1%  BS A/0.02%  Tween 
20/PBS  into  the  wells  and  incubated  for  1  hour  at  37°C.  After  washing  4  times  with  0.05% 
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Tween  20/PBS,  bound  antibody  was  determined  using  alkaline  phosphatase-conjugated 
goat  antihuman  F(ab)2  (Pierce)  (50  pL/well  of  1/500  dilution  of  F(ab)2  in  1%  BSA/0.02% 

Tween  20/PBS.  After  incubation  at  37°C  for  one  hour  and  washing  four  times  with  0.05% 
Tween  20/PBS,  50  |iL  of  developing  solution  (1  mg  pNPP/  mL  developing  buffer)  was 
added.  Optical  density  was  determined  at  405  nm  after  15  or  40  min  with  a  Molecular 
Devices  SpectraMAX. 
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Seq.  Range  AA  sequence 

Pep.# 

Ab 

91-114 

VNVTENFNMWKNNMVE  QMHEDI I S LWDQ S 

al 

Ac - GLAGATENFNMWKNNKB 

1581 

(-) 

JLAZATENFNMWKNNKB 

1527 

(-) 

(Al-1) 

Ac-GLAGANMVEQMHEDIKB 

1582 

(-) 

JLAZANMVEQMHEDIKB 

1528 

(-) 

(Al-2) 

Ac -GLAGAEDI I SLWDQSKB 

1583 

(-) 

JLAZ AEDI I SLWDQSKB 

1529 

(-) 

(Al-3) 

170-181 

XRDKMQKEYALL 

a2 

Ac - GLAGARDKMQKE YALKB 

1584 

(-) 

JLAZARDKMQKEYALKB 

1530 

(-) 

(A2) 

339-357 

RAKWNDTLRQIVSKLKEQF 

a3 

Ac - GLAGARAKWNDTLRQ I KB 

1585 

(  +  ) 

JLAZARAKWNDTLRQIKB 

1532 

(++) 

(A3-1) 

Ac -GLAGARQIVSKLKEQFKB 

1586 

(-) 

JLAZARQIVSKLKEQFKB 

1533 

(  +  ) 

(A3-2) 

418-433 

CKIKQIINMWQEVGKA 

a4 

Ac -GLAGAKIKQ I INMWQKB 

1587 

(  +  ) 

JLAZAKIKQIINMWQKB 

1534 

(+++) (A4-1) 

Ac  -  GLAGAINMWQEVAKAKB 

1588 

(-) 

JLAZAINMWQEVAKAKB 

1535 

(++) 

(A4-2) 

478-487 

RDNWRSELYK 

a5 

Ac -GLAGARDNWRSELYKYKB 

1589 

(-) 

JLAZARDNWRSELYKYKB 

1536 

(-) 

(A5) 

502-513 

KAKRRWQREKR 

a6 

Ac  -  GLAGAKAKRRWQREKRB 

1590 

(++) 

JLAZAKAKRRWQREKRB 

1537 

(++) 

(A6) 

328-335 

GTIRQAHC 

V3 

Ac -GLAGARQAHANISRAKB 

1591 

(-) 

JLAZ ARQAHANI SRAKB 

1538 

(  +  ) 

(V3) 

Table  1.  Predicted  alpha-helices  for  gpl20  (MN).  Ac  is  acetyl;  B  is  Lys  (linker-d-biotin). 

JLAZ  is  a  cyclic  peptide  that  nucleates  alpha-helix  formation  [12].  Peptides  are  numbered  for 
reference  to  the  titer  data  in  Fig.  1.  Alpha-helix  nucleated  peptides  are  also  lettered  (Al-1,  etc.)  for 
reference  to  Table  2.  Antibody  titers  are  summarized  under  the  Ab  column;  (-),  no  titer;  (+) 
questionable  titer;  (++,+++),  increasing  titer. 
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Comparison  of  Predicted  and  gp!20  crystal  structure  a-helices 


Predicted 

a-helices 

Peptide 

complexed  core 

gpl20  crystal  structure 

Observed 

a-Helices 

Structure 

al 

Al-1 

al 

irregular 

Al-2 

buried  helix 

Al-3 

buried  helix 

a2 

A2 

from  truncated  V2 

a3 

A3-1 

a2 

helix  (silent  face) 

A3 -2 

helix  (silent  face) 

a3 

short  helix  (5  residues) 

a4 

short  helix  (4  residues) 

a4 

A4-1 

P-strands,  90°  bend 

A4-2 

apex  of  p-hairpin 

a5 

A5 

a5 

buried  helix 

a6 

A6 

truncated,  frayed  end 

V3 

V3 

truncated 

Table  2.  Comparison  of  predicted  and  observed  a-helices  in  gpl20.  The  a-helices 
were  observed  in  core  gpl20  complexed  by  sCD4  and  Fab  17b  that  binds  a  CD4 
induced  epitope  [14,15]. 
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Antibody  Detection  on  Serum  FDA-2  by  gpl20  Peptides 


?  h 


1000 


Reciprocal  of  serum  dilution 


Figure  1.  Titration  of  FDA-2  antiserum  with  corresponding  pairs  of  linear  (dashed  lines) 
and  helix  stabilized  (solid  lines)  gpl20  peptides.  Corresponding  pairs  of  peptides  share  the 
same  symbol.  Peptides  sequences  are  identified  in  Table  1. 


KEY  RESEARCH  ACCOMPLISHMENTS 


•  Demonstrated  that  the  hydrogen  bond  mimic  approach  to  constraining  peptides  is 
applicable  to  a  wide  range  of  protein  sequences  and  different  conformations  including  a- 
helices  and  loops  which  make  up  about  50%  of  native  protein  surfaces. 

•  Demonstrated  that  peptides  stabilized  as  a-helices  and  loops  show  enormous  affinity 
enhancements  for  antibodies. 

•  Validated  the  structure-based  approach  to  synthetic  vaccine  development  using  the  V3 
MAb  58.2  in  the  most  complete  study  of  its  kind  to  be  published  to  date 

•  Demonstrated  that  new,  conformationally  sensitive  HIV-1  antibodies  that  are  likely 
better  suited  for  use  as  templates  in  synthetic  vaccine  development  can  be  identified  with 
constrained  peptides 
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CONCLUSIONS 


Our  work  with  MAb  58.2  led  to  a  full  development  and  evaluation  of  the  structure- 
based  approach  [5].  It  demonstrated  the  enormous  effect  that  constrained  a  peptide  can  have 
on  the  affinity  of  a  peptide  for  an  antibody  and  its  immunogenicity.  However,  while 
antibodies  generated  to  the  V3  mimetic  were  able  to  potently  neutralize  a  lab-adapted  HIV-1 
(MN)  isolate  they  were  unable  to  neutralize  a  primary  isolate.  We  were  unable  to  mimic  the 
more  challenging  discontinuous  epitope  bound  by  IgGbl2  implying  that  the  structure-based 
approach  should  be  limited  to  sequential  epitopes. 

As  it  stands,  there  are  few  peptide-reactive  neutralizing  antibodies  to  any  pathogen, 
including  primay  HIV-1  isolates.  This  could  reflect  in  part,  observations  that  most  peptide- 
reactive  antibodies  are  generated  by  denatured  protein  [7,9].  However,  the  enormous 
affinity  enhancement  of  constrained  peptides  for  MAb  58.2  suggested  that  new  native- 
protein  antibodies  to  sequential  epitopes  might  be  identified  with  constrained  peptides. 
Indeed,  we  found  that  HIV-1  gpl20  peptides  stabilized  as  a-helices  identified  new 
antibodies  in  HIV-1  infected  human  antisera  that  showed  weak  if  any  reaction  with 
unconstrained  peptides.  It  is  likely  these  antibodies  reflect  sequential  epitopes  on  native 
protein  since  they  display  a  conformational  dependence.  This  type  of  antibody  is 
appropriate  for  optimization  of  immunogens  using  the  structure-based  approach  elaborated 
with  MAb  58.2.  Consequently,  we  recommend  that  more  attention  be  given  to  identifying 
and  isolating  MAbs  with  conformational  dependence  for  sequential  epitopes.  The  recent 
structure  determinations  of  gpl20  and  gp41  provide  details  for  designing  constrained 
peptides  corresponding  to  proposed  neutralization  sites  i.e.  CD4  and  chemokine  receptor 
binding  sites  as  well  as  the  gp41  inner  core  coiled  coil  that  can  be  used  for  this  purpose. 
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abstract:  The  generation  of  neutralizing  antibodies  by  peptide  immunization  is  dependent  on  achieving 
conformational  compatibility  between  antibodies  and  native  protein.  Consequently,  approaches  are  needed 
for  developing  conformational  mimics  of  protein  neutralization  sites.  We  replace  putative  main-chain 
hydrogen  bonds  (NH  0=CRNH)  with  a  hydrazone  link  (N— N=CH— CH2CH2)  and  scan  constrained 
peptides  for  fit  with  neutralizing  monoclonal  antibodies  (MAbs).  To  explore  this  approach,  a  V3  MAb 
58.2  that  potently  neutralizes  T-cell  lab-adapted  HIV-Imn  was  used  to  identify  a  cyclic  peptide,  [JHIGPGR- 
(Aib)F(D-Ala)GZ]G-NH2  (loop  5),  that  binds  with  >  1000-fold  higher  affinity  than  the  unconstrained  peptide. 
NMR  structural  studies  suggested  that  loop  5  stabilized  /3-tums  at  GPGR  and  R(Aib)F(D-Ala)  in  aqueous 
solvent  implying  considerable  conformational  mimicry  of  a  Fab  58.2  bound  V3  peptide  determined  by 
X-ray  crystallography  [Stanfield,  R.  L.  et  al.  (1999)  Structure  142 , 131-142].  Rabbit  polyclonal  antibodies 
(PAbs)  generated  to  loop  5  but  not  to  the  corresponding  uncyclized  peptide  bound  the  HIV-Imn  envelope 
glycoprotein,  gpl20.  When  individual  rabbit  antisera  were  scanned  with  linear  and  cyclic  peptides,  further 
animal-to-animal  differences  in  antibody  populations  were  characterized.  Loop  5  PAbs  that  most  closely 
mimicked  MAb  58.2  neutralized  HIV-Imn  with  similar  potency.  These  results  demonstrate  the  remarkable 
effect  that  conformation  can  have  on  peptide  affinity  and  immunogenicity  and  identify  an  approach  that 
can  be  used  to  achieve  these  results.  The  implications  for  synthetic  vaccine  and  HIV-1  vaccine  research 
are  discussed. 


The  development  of  broadly  cross-reactive  neutralizing 
antibodies  is  an  important  aim  of  HIV-11  vaccine  research 
(7,  2).  However,  the  HIV-1  envelope  glycoproteins,  gpl20 
and  gp41,  are  poorly  immunogenic  (7,  2).  HIV-1  has  also 
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1  Abbreviations:  TCLA,  T-cell  lab-adapted;  HIV-1,  human  immu¬ 
nodeficiency  virus  type  1;  MN,  HIV-Imn;  HIB,  HIV-1  me;  JR-CSF, 
HIV-Ijrcsf;  rgpl20,  baculovirus-derived  recombinant  envelope  glyco¬ 
protein  120Mn;  p24,  HIV-1  protein;  MAb,  monoclonal  antibody;  Fab, 
antigen  binding  fragment;  PAbs,  polyclonal  antibodies;  Aib,  a,a- 
dimethylglycine;  NMP,  N-methylpyrrolidone;  DIC,  1,3-diisopropyl- 
carbodiimide;  HOBt,  1-hydroxybenzotriazole;  DIEA,  diisopropyleth- 
ylamine;  DCM,  dichloromethane;  AN,  acetonitrile;  TFE,  trifluroethanol; 
MS,  mass  spectrometry;  MAPS,  multiple-antigen-peptide  system; 
ELISA,  enzyme-linked  immunosorbent  assay;  PBS,  phosphate-buffered 
saline;  pNPP,  /?-nitrophenyl  phosphate;  EC50,  effective  concentration 
of  peptide  that  inhibited  50%  of  the  binding  of  antibody  to  plate-bound 
antigen;  IC90,  concentration  (or  titer)  of  antibody  that  inhibited  >90% 
of  HIV-1  infectivity;  TCID50,  50%  tissue  culture  infective  dose; 
NOESY,  nuclear  Overhauser  effect  spectroscopy;  ROESY,  rotating- 
frame  Overhauser  effect  spectroscopy;  TOCSY,  total  correlation 
spectroscopy;  P.  E.  COSY,  phase-edited  correlation  spectroscopy;  TPPI, 
time-proportional  phase  incrementation. 


undergone  an  unprecedented  degree  of  mutation  (3)  that 
complicates  vaccine  design.  Sera  from  HIV-1  seropositive 
individuals  generally  neutralize  HIV-1  very  poorly.  Never¬ 
theless,  antisera  from  a  subset  of  long-term  nonprogressors 
show  a  marked  broadening  of  HIV-1  neutralizing  activities, 
and  a  few  potent  neutralizing  monoclonal  antibodies  have 
been  identified  (2,  4 ,  5).  There  is  a  critical  need  for 
approaches  to  identify  and  recapitulate  these  activities. 

Antibodies  are  often  identified  and  their  specificities 
characterized  with  peptides  (6).  Peptides  can  in  turn  be  used 
to  generate  antibodies  which  in  some  cases  are  neutralizing 
(7).  While  the  availability  of  peptides  favor  the  approach,  it 
is  limited  by  conformational  issues  (8—10).  Peptides  are 
conformationally  heterogeneous  in  aqueous  solution  (11), 
often  differing  from  the  structures  their  cognate  sequences 
adapt  in  native  proteins.  This  has  two  important  conse¬ 
quences.  First,  it  reduces  the  affinity  of  peptides  for  antibod¬ 
ies  generated  by  native  proteins  (8,  9,  12).  For  a  peptide  to 
bind  a  native  protein  antibody,  it  must  approximate  the  native 
conformation  with  a  cost  in  free  energy  that  can  significantly 
lower  affinity  (72).  Second,  the  binding  pockets  of  antipep¬ 
tide  antibodies  reflect  the  conformational  heterogeneity  of 
peptides  (73)  and  are  for  the  most  part  incompatible  with 
native  protein  surfaces  (70,  77,  13-15). 
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Table  1:  Linear,  Cyclic  Peptides  and  MAPS  Prepared  for  This  Study0 

peptide 

sequence 

MN 

11— H2-I3-G4-P5-G6-R7-A8— F9-Y10 

linear  1 

Ac-GHIGPGRAFGGG-NHz 

linear  2 

Ac-GHIGPGRAFGGGG-NH2 

linear  3 

Ac-GHIGP(D-AIa)RAFGGGG-NH2 

linear  4 

Ac-GHIGPGR(Aib)FGGGG-NH2 

linear  5 

AcGl— H2— 13— G4— P5— G6— R7— (Aib)8-F9— (D-Ala)lO— GGG-NH2 

linear  5/C 

Ac-GHIGPGR(Aib)F(D-Ala)GGC-NH2 

loop  1 

[JHIGPGRAFGZ]G-NH2 

loop  2 

[JHIGPGRAFGGZ]G-NH2 

loop  3 

[JHIGP(D-Ala)RAFGGZ]G-NH2 

loop  4 

[JHIGPGR(Aib)FGGZ]G-NH2 

loop  5 

[J— H2— I3-G4-P5-G6-R7-(Aib)8-F9-(D-Ala)10-GZ]G-NH2 

loop  5/C 

[JHIGPGR(Aib)F(D-Ala)GZ]C-NH2 

loop  6 

Ac-[CHIGPGR(Aib)FGGC]-NH2 

loop  7 

[JHVGPGR(Aib)F(D-Ala)GZ]G-NH2 

MAPS  core 

(chloro-Ac{TT2}KKK)4(KGG)2KA-NH2 

linear  5-MAPS 

(linear  5/C-Ac-{TT2}KKK)4(KGG)2KA-NH2 

loop  5-MAPS 

(loop  5/C— Ac-{TT2}KKK)4(KGG)2KA-NH2 

a  The  MN  sequence  was  renumbered;  II  (our  numbering)  is  1312  from  the  MN  sequence  (5).  The  same  numbering  system  was  used  for  the 
peptides  as  shown  for  linear  5  and  loop  5.  The  single  letter  code  is  used  for  standard  amino  acids.  D-Ala  is  D-alanine;  Aib  is  a,a-dimethylglycine; 
J  and  Z  are  linking  residues  used  to  form  the  hydrazone  link  which  is  indicated  by  brackets;  Ac  is  acetyl;  chloro-Ac  is  chloroacetyl;  -NH2  represents 
a  C-terminal  carboxamide  and  {TT2}  is  a  tetanus  toxoid  T-helper  epitope,  QYIKANSKFIGITEL.  MAPS  structures  are  depicted  in  Figure  7  and 
Supporting  Information. 


The  immunological  activities  of  peptides  can,  however, 
be  improved  by  constraining  them  to  mimic  protein  sub¬ 
structures  (8, 16-18).  This  expedient  though  needs  synthetic 
methods  that  can  be  used  to  broaden  the  approach  (77). 
Recently,  two  of  us  reported  a  solid-phase  synthetic  method 
for  replacing  main-chain  hydrogen  bonds  (NH  — *  0=CRNH) 
with  a  hydrazone  covalent  mimic  (NN=CH-CH2CH2)  (79). 
On  average,  about  60%  of  the  amino  acids  in  globular 
proteins  engage  in  main-chain  hydrogen  bonds  (20).  Since 
protein  substructures  can  be  distinguished  by  differences  in 
hydrogen  bonding  patterns  (79),  we  reasoned  that  the 
hydrazone  link  might  be  used  to  constrain  peptides  to 
different  conformations  depending  on  where  it  was  positioned 
in  the  peptide  (79).  Indeed,  the  hydrazone  link  has  been  used 
to  constrain  short  peptides  as  a-helices  (79)  and  loops  (27). 
It  is  also  chemically  stable  in  aqueous  solution  at  physi¬ 
ological  temperature  and  pH  as  required  of  immunogenic 
peptides  (79). 

Since  the  hydrazone  link  satisfied  important  criteria,  we 
decided  to  test  whether  it  could  improve  the  antigenicity 
(affinity  for  antibodies)  and  immunogenicity  (generation  of 
neutralizing  antibodies)  of  a  short  peptide  from  the  V3  loop. 
The  V3  loop  is  a  35-residue  (zb  2  residues)  disulfide  loop 
on  gpl20  that  encompasses  a  neutralizing  epitope  on  TCLA 
HIV-1  viruses  (22).  V3  peptides  have  provided  important 
testing  grounds  for  synthetic  vaccine  approaches  (23—27). 
Interest  in  the  V3  loop  has  also  led  to  the  identification  of 
potent  neutralizing  V3  MAbs  (28-30).  We  decided  to  use 
one  of  these  MAbs  to  explore  the  antigenicity  of  hydrazone- 
linked  peptides  with  the  goal  of  identifying  a  constrained 
peptide  mimetic  of  the  MAb  bound  conformer  using 
enhanced  affinity  as  a  measure  of  fit.  The  mimetic  could 
then  in  turn  be  tested  as  an  immunogen. 

We  relied  mostly  on  MAb  58.2  (30)  as  a  template  for  our 
studies.  MAb  58.2  potently  neutralizes  TCLA  HIV-Imn  and 
binds  a  V3  epitope  that  encompasses  a  short  neutralizing 
determinant  (SND),  IGPGRAF,  that  is  shared  by  the  majority 
of  Clade  B  HIV-1  viruses  (22).  X-ray  ciystallography  of  Fab 
58.2-peptide  complexes  were  being  pursued  and  became 


available  during  the  course  of  this  project  (27).  Essentially, 
we  found  that  constraining  a  short  V3  peptide  with  the 
hydrazone  link  enhanced  its  affinity  for  MAb  58.2.  This 
identified  a  cyclic  peptide  that  showed  considerable  mimicry 
of  the  MAb  58.2  bound  conformer  by  NMR  spectroscopy. 
In  turn,  we  found  that  the  mimetic  was  a  far  better 
immunogen  than  the  corresponding  unconstrained  peptide 
demonstrating  the  effectiveness  of  this  approach. 

MATERIALS  AND  METHODS 

Peptide  Synthesis.  Linear  and  cyclic  peptides  were  syn¬ 
thesized  by  solid-phase  methods.  Side  chains  were  protected 
using  Fmoc-His(Trt),  Fmoc-Arg(Pbf),  Fmoc-Cys(Trt),  Fmoc- 
Lys(Boc),  and  Fmoc-Lys(Fmoc).  Peptides  were  purified  with 
Gilson  analytical  and  preparative  HPLC  systems  using  linear 
gradients  formed  from  solvent  systems  A:  0.1%  TFA/H20 
(v/v)  and  B:  0.1%  TFA/AN  (v/v). 

Linear  peptides  (Table  1)  were  synthesized  with  an  ACT- 
350  multiple  peptide  synthesizer  (Advanced  Chem  Tech)  on 
Rink  amide  resin  (0.4-0.6  mmol/g)  using  standard  Fmoc 
synthesis  with  DIC/HOBt  coupling.  The  N-termini  of  pep¬ 
tides  were  acetylated  on  the  resin  with  15%  acetic  anhydride 
in  DMF.  The  acetylated  peptides  were  cleaved  with  Reagent 
K  (37),  precipitated  with  diethyl  ether  and  purified  using  a 
preparative  RP  C-18  column  (Cosmosil  5C18-AR,  2  x  25 
cm)  eluting  at  8  mL/min  with  a  0—50%  AN  gradient  over 
30  min.  Peptides  were  confirmed  by  FAB  MS  or  ES  MS. 

Cyclic  hydrazone-linked  peptides  (Table  1)  were  synthe¬ 
sized  by  solid-phase  synthesis  on  Rink  amide  resin  (0.4- 
0.6  mmol/g)  according  to  Scheme  1  using  previously 
described  procedures  (79).  These  syntheses  required  the  prior 
preparation  of  J  and  Fmoc-Z(Act)  (79).  7V-a-Fmoc-glycine 
chloride  was  prepared  according  to  Carpino  et  al.  (32)  and 
shown  to  be  >98%  acyl  chloride  by  the  methanol  test  (32). 
Initially,  Fmoc-GZ(Act)G/C(Trt)-resin  was  synthesized  manu¬ 
ally  in  resin  packets  (79).  The  most  critical  step  was  the 
coupling  of  Fmoc-Gly  chloride  to  Z(Act).  Fmoc-Gly  chloride 
was  freed  of  trace  HC1  under  vacuum  before  use,  mixed  with 
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NMP,  and  briefly  shaken  with  Z(Act)G/C(Trt)-Resin  before 
adding  DIEA  (79).  The  product,  Fmoc-GZ(Act)G/C(Trt)- 
resin,  was  removed  from  the  resin  packet  and  transferred  to 
the  ACT-350  peptide  synthesizer  where  it  was  extended  using 
standard  Fmoc  synthesis.  The  addition  of  Fmoc-Arg(Pbf)  to 
Aib  was  the  only  difficult  coupling  step,  proceeding  ^60% 
despite  triple  coupling.  After  adding  the  final  amino  acid, 
Fmoc-His(Trt),  the  peptide-resin  was  transferred  to  resin 
packets,  the  Fmoc  group  removed  with  piperidine,  the  peptide 
capped  with  J  and  then  rapidly  cyclized  in  acidic  20%  TFE/ 
DCM  (79).  Cyclic  peptides  were  cleaved  from  the  resin  and 
deprotected  with  5%  H20/95%  TFA  and  precipitated  with 
diethyl  ether.  Thiol  scavengers  were  excluded  from  the 
cleavage  reaction  since  high  concentrations  of  free  thiol  in 
TFA  destroy  the  hydrazone  link  (79).  The  cyclic  peptides 
were  typically  purified  by  HPLC  using  a  preparative  RP  C-18 
column  (Cosmosil,  5C18-AR)  eluting  at  8  mL/min  with  a 
0-20%  AN  gradient  over  5  min  followed  by  20—40%  AN 
over  30  min  (Supporting  Information).  The  yields  of  cyclic 
hydrazone-linked  peptides  (based  on  resin  loading)  were 
^5—10%.  Each  purified  cyclic  peptide  showed  one  peak  by 
HPLC  and  was  confirmed  by  FAB  MS  or  ES  MS. 

The  disulfide  loop  6  (Table  1)  was  initially  prepared  as  a 
linear  peptide  using  Fmoc-Cys(Trt)  and  cleaved  from  the 
resin  with  Reagent  K  as  described  above.  The  linear  peptide 
(1  mg/mL)  was  quantitatively  cyclized  in  20%  DMSO/H20, 
pH  4.0,  in  1  day  (33).  After  confirming  the  loss  of  free  thiol 


using  Ellman’s  test  (34),  the  reaction  mixture  was  lyophilized 
and  loop  6  was  purified  by  HPLC  on  a  RP-C18  column  and 
confirmed  by  ES  MS. 

MAPS  Synthesis.  MAPS  (35)  were  modified  (36,  37)  and 
prepared  for  immunizations  using  a  chemical  ligation 
protocol  (37).  First,  a  chloroacetylated  MAPS  core  (Table 
1)  was  synthesized  on  TGR  resin  (NovaBiochem,  0.1  mmol/ 
g)  with  the  ACT-350  synthesizer  using  Fmoc  synthesis.  N-a- 
Fmoc-Lys(Fmoc)  was  used  at  the  branch  points.  The 
N-termini  of  the  four  branches  of  the  MAPS  core  were 
chloroacetylated  on  the  resin  with  10  equiv  of  chloroacetic 
acid  anhydride  in  DMF  for  15  min.  The  chloroacetylated 
MAPS  core  was  cleaved  from  the  resin  and  deprotected  by 
treating  it  with  5%  H20/95%  TFA  for  1  h.  It  was  then 
precipitated  with  cold  diethyl  ether,  lyophilized,  and  purified 
by  HPLC  on  a  preparative  RP  C4  column  (Vydac,  214TP1022, 
2.2  x  25  cm)  eluting  at  15  mL/min  with  a  0-20%  AN 
gradient  over  10  min  followed  by  a  20-30%  AN  over  20 
min.  Pure  chloroacetylated  MAPS  core  (5%  yield)  was 
identified  by  ES  MS:  calcd  (MH+),  9377,  obs  9374 
(Supporting  Information). 

Second,  linear  5/C  or  loop  5/C  (Table  1)  were  chemically 
ligated  to  the  chloroacetylated  MAPS  core.  A  5-fold  molar 
excess  (relative  to  chloroacetylated  arms)  of  linear  5/C  (2.8 
mg)  or  loop  5/C  (2.7  mg)  was  mixed  with  chloroacetylated 
MAPS  core  (1.0  mg)  in  0.5  mL  degassed  0.5  M  Tris,  pH 
8.9,  and  3  M  guanidinium*HCl  containing  8  mM  EDTA 
under  nitrogen.  The  reactions  were  monitored  on  an  analyti¬ 
cal  RP  C4  column  (Vydac,  214TP54)  eluting  at  2  mL/min 
with  a  0-20%  AN  gradient  over  10  min  followed  by  a  20- 
.  32%  AN  over  30  min  (Supporting  Information).  The  reaction 
appeared  complete  after  2  h  but  was  continued  overnight  to 
ensure  a  complete  reaction.  The  products  were  purified  on 
the  preparative  RP  C4  column  (Vydac,  214TP1022)  eluting 
at  15  mL/min  with  a  0—20%  AN  gradient  for  5  min  followed 
by  a  20—35%  AN  for  30  min.  These  purifications  yielded 
0.8  mg  of  linear  5-MAPS  (52%  yield  based  on  MAPS  core) 
and  0.6  mg  of  loop  5-MAPS  (40%  yield)  which  were  stored 
dry  at  -  20  °C.  Both  MAPS  were  soluble  in  water.  Linear 
5-MAPS  was  identified  by  ES  MS:  calcd  (MH+),  14244, 
obs  14245.  Loop  5-MAPS  was  identified  by  MALDI  MS: 
calcd  (MH+),  14228,  obs  14223  (Supporting  Information). 

Immunization.  Linear  5-MAPS  and  loop  5-MAPS  were 
prepared  in  separate  lots  for  immunizations  by  dissolving 
them  in  deionized  water  and  vigorously  mixing  with  an  equal 
volume  of  twice  the  recommended  concentration  of  RIBI 
adjuvant  system  R-730  (RIBI  ImmunoChem  Research,  Inc) 
in  PBS.  Each  rabbit  (NZW  female,  2-2.5  kg)  was  im¬ 
munized  with  1  mL  of  emulsion  at  multiple  sites  (subcutane¬ 
ous,  intraperitoneal,  intradermal,  intramuscular)  as  recom¬ 
mended  by  RIBI  on  days  0  (200  fig  MAPS),  28  (100  fig 
MAPS),  71  (50  fig  MAPS),  and  225  (50  fig  of  linear 
5-MAPS  or  17  fig  for  loop  5-MAPS).  The  rabbits  were  bled 
on  days  0,  28,  38,  44,  71,  82  (week  12),  89,  225,  and  235 
(week  34). 

ELISA  Titers.  Titrations  of  rabbit  antisera  against  linear 
5,  loop  5,  and  rgpl20  were  carried  out  in  duplicate,  and  the 
results  were  averaged.  Background  absorption  was  deter¬ 
mined  by  titrating  each  antiserum  in  the  same  manner  but 
without  antigen. 

Linear  5/C  and  loop  5/C  (Table  1)  were  conjugated  to 
biotin-BMCC  (Pierce)  according  to  the  manufacturer.  Bio- 
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tinylated-peptide  (10  ng/100  fiL  of  PBS/well)  was  added  to 
96-well  neutrAvidin  coated  microtiter  plates  (Pierce)  for  2 
h  at  room  temperature  which  were  then  washed  four  times 
with  distilled  water.  Rabbit  antisera  was  serially  diluted 
2-fold  with  1%  BSA/0.05%  Tween  20/PBS  into  titer  wells 
and  incubated  for  1  h  at  37  °C.  After  washing  10  times  with 
distilled  water,  bound  antibody  was  determined  using  alkaline 
phosphatase-conjugated  goat  antirabbit  IgG  F(ab')2  (Pierce) 
[100  fiUweW  of  1/500  dilution  of  IgG  F(ab')2  in  1%  BSA/ 
0.05%  Tween  20/PBS].  After  incubation  at  37  °C  for  1  h 
and  washing  10  times  with  distilled  water,  100  fiL  of 
developing  solution  (1  mg  of  pNPP/mL  of  developing  buffer) 
was  added.  The  developing  solution  was  prepared  by  adding 
5  mg  of  pNPP  (Sigma)  to  5  mL  of  developing  buffer  (50 
mL  of  diethanolamine,  50  mg  of  MgCI2*6H20,  and  97.5  mg 
of  NaN3  were  brought  to  500  mL,  pH  9.7,  with  ddi*H20 
and  NaOH).  Optical  density  was  determined  at  415  nm  after 
30  min  with  a  Molecular  Devices  SpectraMAX  190. 

Titers  to  protein  were  determined  using  rgpl20MN  (Im- 
munoDiagnostics  Inc.).  High  binding  96-well  microtiter 
plates  (Costar,  polystyrene  1/2  area)  were  coated  overnight 
at  4  °C  with  sheep  PAb  specific  for  the  C-terminus  of  rgpl20 
(no.  6205,  International  Enzymes,  Fallbrook,  CA,  0.5  fig  of 
PAb/50  fiL  of  PBS/well).  After  removal  of  unbound  antibody 
by  washing  four  times  with  distilled  water,  rgpl20  (0.05  fig 
of  rgp  120/50  fiL  of  1%  BSA/0.05%  Tween  20/PBS/well) 
was  added  and  incubated  at  room  temperature  for  2  h. 
Unbound  rgp  120  was  removed  by  washing  four  times  with 
distilled  water,  antibody  was  added,  and  the  assay  was 
continued  in  the  same  manner  as  described  above. 

End-point  titers  are  the  highest  dilution  of  antisera  that 
gave  >2x  background  absorbance.  Midpoint  titers  of 
antibodies  for  rgpl20  are  equal  to  the  dilution  of  antisera 
that  gave  an  optical  density  of  1.0  after  correcting  for 
background. 

Competition  ELISA  Assay.  Each  experiment  was  carried 
out  in  duplicate  and  the  results  were  averaged.  First,  linear 
5/C-biotin  (10  ng/well)  or  rgpl20  (0.025  fig  of  rgpl20/well) 
were  bound  to  titer  wells  as  described  above.  A  subsaturating 
concentration  of  antibody  was  premixed  with  4-fold  serially 
diluted  competing  peptide  and  transferred  to  the  antigen- 
coated  wells  (50 /*L/well  in  1%  BSA/0.05%  Tween  20/PBS). 
After  incubation  at  37  °C  for  1  h,  the  unbound  antibody  was 
removed  by  washing  10  times  with  distilled  water.  Quanti¬ 
fication  of  the  bound  antibody  was  carried  out  with  alkaline 
phosphatase-conjugated  goat  antirabbit  IgG  as  described 
above.  100%  binding  to  plate-adsorbed  antigen  was  deter¬ 
mined  in  the  absence  of  competing  peptide.  Background 
absorbance  was  determined  without  plate-adsorbed  antigen 
and  subtracted  from  the  average  of  values  with  rgp  120. 

Neutralization  Assays.  Neutralization  assays  were  carried 
out  in  triplicate  in  96-well  tissue  culture  plates  (Costar).  In 
a  typical  assay,  100  TCID50  virus  (MN  or  JR-CSF)  was 
mixed  with  2-fold  serially  diluted  rabbit  antisera  or  MAb  in 
100  fiL  of  culture  medium  and  incubated  for  1  h  at  37  °C. 
Then  either  2  x  104  human  T-lymphoid  H9  cells  (to  MN) 
or  5  x  104phytohaemagglutinin-stimulated,  peripheral  blood 
mononuclear  cells  (to  JR-CSF)  were  added  to  each  well  and 
incubated  for  24  h  at  37  °C;  PBMCs  were  pooled  from  three 
donors.  After  washing  three  times  with  culture  medium  and 
bringing  each  well  to  200  fiL  with  culture  medium,  incuba¬ 
tion  was  continued  for  7  days  at  37  °C  under  5%  C02.  Then 


90  fiL  from  each  well  was  mixed  with  10  fiL  of  10% 
empigein  (Calbiochem,  La  Jolla,  CA)  and  assayed  for  p24 
in  an  ELISA  (35).  Reported  values  from  the  ELISA  are  based 
on  median  values  from  the  triplicate  determinations  for  each 
concentration  of  antibody. 

NMR  Spectroscopy.  Peptides  were  dissolved  in  0.5  mL  of 
10%  D2O/90%  H20  (v/v)  and  adjusted  to  pH  5.0  with 
aqueous  NaOH  and  HCi  solutions.  Dioxane  was  added  as 
an  internal  chemical  shift  reference  (3.75  ppm).  ID  and  2D 
COSY,  P.  E.  COSY,  TOCSY,  and  ROESY  experiments  were 
carried  out  with  a  Bruker  AMX  500  spectrometer.  ID  NMR 
spectra  were  run  with  presaturation  of  water.  2D  ROESY 
spectra  were  run  in  the  phase-sensitive  mode  using  TPPI  for 
quadrature  detection  in/j.  Typically,  32  transients  of  1024 
data  points  were  acquired  in  the  /2  dimension  at  a  spectral 
width  of  5555  Hz  with  512  t{  increments  which  were  zero 
filled  to  2024  data  points.  A  400-ms  mixing  time  was  used. 
Additional  ROESY  spectra  were  acquired  for  loops  5  and  7 
at  10  °C  using  a  Bruker  DRX-600  MHz  spectrometer  at  a 
spectral  width  of  7186  Hz  using  eight  transients  for  each  of 
512  increments  and  a  400-ms  mixing  time.  Temperature 
coefficients  were  obtained  from  a  series  of  ID  spectra.  Probe 
temperatures  were  determined  using  a  methanol  standard. 
ID  and  2D  data  were  processed  and  analyzed  on  a  Silicon 
Graphics  Indigo2  Extreme  computer  using  Felix  (Molecular 
Simulations,  Inc). 

RESULTS 

MAb  58.2 .  MAb  58.2  was  generated  by  White-Scharf  et 
al.  ( 30 )  to  a  40-residue  MN  peptide  (RP70)  that  encompassed 
the  V3-disulfide  loop.  It  was  the  most  potent  neutralizing 
MN  MAb  among  >3000  V3  positive  hybridomas  (from  85 
mice)  generated  by  the  peptide.  MAb  58.2  also  weakly 
neutralized  primary  isolates  (30).  MAb  58.2  is  about  twice 
as  potent  against  MN  as  MAb  50.1  from  the  same  series 
(30)  that  has  been  grouped  with  the  most  potent  MN 
neutralizing  human  V3  MAbs  (39).  Although  MAb  58.2  is 
technically  an  antipeptide  MAb,  its  high  potency  suggested 
that  it  bound  the  MN  V3  epitope  in  a  conformation  that  could 
be  used  to  represent  the  native  structure. 

Several  approaches  have  been  taken  to  characterize  the 
MAb  58.2  epitope  (2/,  30 , 40—42).  Phage-displayed  peptides 
and  peptide  arrays  identified  GPxR,  the  least  variable  region 
of  the  SND,  as  the  core  epitope  (40).  This  specificity  most 
likely  accounts  for  the  broad  recognition  of  gpl20s  from 
primary  isolates  by  MAb  58.2  (41).  Alanine  scanning  of  a 
RIHIGPGRAFY  peptide  with  MAb  58.2  showed  that  it  binds 
IGPGRAF  (30).  Later,  serial  deletion  competition  ELISAs 
indicated  that  MAb  58.2  binds  RIHIGPGRAFY  with  the 
terminal  amino  acids  contributing  about  1000-fold  to  affinity 
(42). 

A  crystal  structure  of  a  Fab  58.2—Aib  peptide  complex 
showed  that  the  antibody  binds  RIHIGPGR(Aib)FY  (27). 
The  bound  structure  (Figure  1)  has  been  characterized  as  a 
strand  followed  by  three  overlapping  /Ltums  (27).  It  can  also 
be  viewed  in  terms  of  a  strand-/?  turn-pivot-/?  turn  motif. 
Parsing  the  conformer  in  this  manner  identified  structural 
elements  that  were  useful  for  the  design,  manipulation,  and 
conformational  analysis  of  a  mimetic.  In  this  rendition,  Fab 
58.2  binds  RIHI  as  a  strand,  and  GPGR  and  R(Aib)FY  as 
overlapping  type  I  [aR  —  aR]  /Ltums.  Both  /Ltums  are 
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Figure  1:  (top)  Fab  58.2  bound  MN  V3  Aib-peptide,  RHIG- 
PGRAibFY  (27),  PDB  accession  code  lf58.  V3  Aib-peptide  (stick 
model)  against  a  Connolly  surfaced  Fab  58.2  (light  chain,  pink; 
heavy  chain,  blue)  as  rendered  by  Mike  Pique  using  AVS.  (bottom) 
Stereoview  of  Fab  58.2  bound,  IGPGR(Aib)FY. 


Table  2:  Comparison  of  the  Conformations  Adapted  by  GPGRAFY 
Peptides  and  Analogs  in  Aqueous  Solution  and  Fab-Peptide  Crystal 
Structures  in  Terms  of  a  /?-Tum— Pivot-/?-Tum  Motif 

structure 

/?-tum 

pivoF 

/?-tum 

MN  sequence 

GPGR 

R 

RAFY 

linear  Aib-peptide  NMR  structure^ 

random  coil 

p 

random  coiF 

loop  5  NMR  structure** 

type  I 

a* 

type  I 

Fab  58.2-V3  Aib-peptide  (27) 

type  I 

p 

type  I 

Fab  59.1-V3  peptides  (44,  45) 

type  II 

a 

type  I 

Fab  50.1-V3  peptide  (43) 

type  IF 

NW 

NB^ 

"  Arg  is  shared  by  both  /?-tums  and  acts  as  a  pivot  occupying  either 
the  a-  or /1-region  of  Ramanchandran  space.  b  From  this  study.  Dynamic 
equilibria  of  structures  including  the  indicated  structures. c  May  include 
a  minor  population  of  /?-tum.  d  It  is  likely  that  R  also  occupies  the 
/1-region,  but  overlapping  NOEs  precluded  this  assignment.  c  Densities 
for  GP  and  part  of  G6  (<p  angle)  were  detected  and  agree  with  a  type 
II  turn.  /Not  bound  by  Fab. 


characterized  by  main-chain  i,  i  H-  3  hydrogen  bonds  and 
share  Arg  that  acts  as  a  pivot  to  orient  the  turns  with  respect 
to  one  another  in  a  double-headed  loop  (Figure  1).  This  motif 
also  provides  a  common  framework  for  comparisons  with 
the  conformations  of  V3  peptides  bound  by  two  other  MN 
neutralizing  antibodies,  Fabs  50.1  (43)  and  59.1  (44,  45) 
(Table  2),  that  are  referred  to  in  this  study. 

Design  and  Synthesis.  Since  a  Fab  58.2-peptide  crystal 
structure  was  not  initially  available,  we  began  with  a 
hypothetical  structure  based  on  a  secondaiy  structure  predic¬ 
tion  made  by  LaRosa  et  al.  (22)  who  predicted  that  the  V3 
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Figure  2:  Transformation  of  a  predicted  MN  V3  /1-hairpin  structure 
(A)  into  a  hydrazone-linked  loop  1  (B).  The  hydrazone  link  (boxed 
areas)  was  formed  in  a  reaction  between  J  and  Z  (Scheme  1). 


sequence  would  form  a  /?  strand-type  n  /?  turn-/?  strand-a 
helix  with  GPGR  occupying  a  type  II  turn.  One  manifestation 
of  this  prediction  would  place  the  SND  in  a  /Lhairpin.  It 
was  recently  reported  that  a  related  V3  UJB  peptide  binds  a 
RIB  neutralizing  MAb  as  a  /1-hairpin  (46).  /1-hairpins  are 
characterized  by  various  sized  loops  at  their  apexes  and  a 
stem  (47).  The  stems  consist  of  antiparallel  /1-strands  that 
hydrogen  bond  across  alternating  pairs  of  amino  acids.  The 
hydrogen  bonds  provide  sites  for  substitution  with  the 
hydrazone  link  (19).  For  example,  a  predicted  /1-hairpin  for 
the  V3  MN  sequence  that  includes  the  SND  and  a  pair  of 
hydrogen  bonds  characteristic  of  a  stem  is  shown  in  Figure 
2.  The  hydrazone  link  can  be  used  to  replace  i  +  x  i 
main-chain  hydrogen  bonds  in  the  manner  shown  for  this 
structure  to  give  in  this  case,  loop  1  (Figure  2).  However, 
the  initial  pair  of  hydrogen  bonds  could  traverse  a  different 
set  of  amino  acids  determined  by  the  size  and  position  of 
the  loop. 

A  set  of  corresponding  linear  and  cyclic  peptides  was 
synthesized  beginning  with  linear  1  and  loop  1  (Table  1  and 
below).  Loop  1  was  then  expanded  using  enhanced  affinity 
for  MAb  58.2  to  identify  a  complementary  loop  while 
limiting  as  far  as  possible  the  composition  of  the  loop  to  the 
SND.  Corresponding  linear  and  cyclic  peptides  were  used 
to  assess  the  effect  of  cyclization  on  affinity,  independent 
of  changes  in  amino  acids.  The  hydrazone-linked  peptides 
were  synthesized  on  Rink  amide  resin  using  manual  and 
machine-assisted  multiple  peptide  synthesis  according  to 
Scheme  1.  The  coupling  of  Fmoc-amino  acids  to  Z  requires 
the  use  of  an  Fmoc-amino  acid  chloride  since  the  reaction 
is  sterically  hindered  (19).  Fmoc-Gly  chloride  was  used  for 
coupling  to  Z  for  this  series.  Coupling  to  Z  is  not  necessarily 
restricted  to  Gly  (79).  It  required  little  more  effort  to  assemble 
a  hydrazone-linked  peptide  than  a  linear  peptide  and  the 
yields  were  high  for  cyclic  peptides  of  this  complexity. 
Individual  amino  acids  and  their  replacements  are  referred 
to  using  the  numbering  system  in  Table  1. 

Peptide  Affinities.  The  affinities  of  linear  and  cyclic 
peptides  for  MAb  58.2  were  determined  using  a  competition 
ELISA  assay  (Figure  3)  and  are  reported  as  affinity  indices, 
EC5o  values  of  the  peptides  relative  to  the  EC50  value  for 
linear  1  (Table  3).  Assays  were  carried  out  at  37  °C  to 
simulate  the  conformational  differences  that  occur  at  physi¬ 
ological  temperature. 

Loop  1  bound  MAb  58.2  with  an  affinity  index  of  23.  A 
Fab  58.2-loop  1  crystal  structure  has  been  reported  (27). 
The  propylene  moeity  of  the  hydrazone  link  appears  fully 
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Molar  Concentration  of  Peptide 

Figure  3:  Competition  ELISA  assays  of  linear  (1,  V;  2,  □;  3,  0;  4,  A;  5,  O)  and  loop  peptides  (1,  ▼;  2,  ■;  3,  ♦;  4,  a;  5,  •;  6,  square  with 
cross)  for  MAb  58.2  and  rabbit  antisera  P2  (anti-linear  5),  P4  and  P5  (anti-loop  5).  Peptides  compete  with  plate-bound  rgpl20  (MAb  58.2, 
P4,  P5)  or  linear  5  (P2).  Percent  antibody  bound  refers  to  the  antibody  bound  by  the  plate-bound  antigen.  The  peptides  are  identified  in 
Table  3  which  also  includes  relative  EC50  values  from  these  data. 


Table  3:  Affinity  Indices  of  Linear  and  Loop  Peptides  for  MAb  58.2  and  P4  and  P5  rgpl20-Specific  Antibodies" 


peptide 

sequence 

MAb  58.2 

P4 

P5 

linear  1 

Ac-GHIGPGRAFGGG-NH2 

1.0 

1.0 

1.0 

linear  2 

Ac-GHIGPGRAFGGGG-NH2 

1.5 

0.6 

1.2 

linear  3 

Ac-GHIGP(D-Ala)RAFGGGG-NH2 

0.3 

0.2 

0.2 

linear  4 

Ac-GHIGPGR(Aib)FGGGG-NH2 

13 

1.0 

222 

linear  5 

Ac-GHIGPGR(Aib)F(D-Ala)GGG-NH2 

10 

1.4 

400 

loop  1 

[JHIGPGRAFGZ]G-NH2 

23 

6.5 

9.5 

loop  2 

[JHIGPGRAFGGZ]G-NH2 

167 

108 

20 

loop  3 

[JHIGP(D-AIa)RAFGGZ]G-NH2 

0.5 

22 

3.3 

loop  4 

[JHIGPGR(Aib)FGGZ]G-NH2 

968 

144 

370 

loop  5 

[JHIGPGR(Aib)F(D-AIa)GZ]G-NH2 

1667 

464 

400 

loop  6 

Ac-[CHIGPGR(Aib)FGGC]-NH2 

176 

11 

167 

a  Affinity  indices 

are  reciprocals  of  the  (EC50  values  for  the  peptide)/(ECso  value  for  linear  1).  The  EC50  values  were  obtained  from  Figure  3. 

extended  in  the  Fab  58.2  bound  structure  suggesting  that  loop 
1  is  barely  wide  enough  to  fit  the  binding  site.  This 
impression  was  strengthened  by  the  later  observation  that 
GlylO  in  loop  1  was  rotated  relative  to  TyrlO  in  the  Fab 
58.2  bound  linear  Aib-peptide  (Figure  1).  When  loop  1  was 
expanded  by  adding  a  second  Gly  to  the  C-terminal  end  of 
the  SND  to  give  loop  2,  the  affinity  index  improved  to  167. 
We  therefore  eliminated  smaller  loops  from  consideration. 
When  loop  1  was  instead  expanded  from  the  N-terminus  by 
adding  lieu  to  give  [JIHIGPGRAFGZJG-NH2,  the  affinity 
index  remained  at  about  23  (not  shown).  Since  the  higher 
affinity  index  for  loop  2  suggested  considerable  comple¬ 
mentarity  with  the  MAb  58.2  binding  site,  ring  expansion 
was  stopped  to  limit  the  mimetic  as  far  as  possible  to  the 
SND.  For  comparison,  MAb  58.2  binds  RP70  (complete  MN 
V3  disulfide  loop  peptide)  with  22-fold  higher  affinity  than 


an  MN  linear  peptide  that  encompasses  the  complete  MAb 
58.2  epitope  (42). 

Three  additional  modifications  were  made  to  loop  2  at  the 
X  positions,  [JHIGPXRXFXGZJG-NH2,  to  either  probe 
conformational  preference  and/or  improve  the  affinity  of  loop 
2  for  MAb  58.2.  (i)  Since  Fab  58.2  binds  GPGR  as  a  type 
I  turn  (Figure  1),  loop  3  was  prepared  with  a  Gly6/D-Ala 
substitution  as  a  potential  probe  for  this  preference.  D-Ala 
at  the  i  +  2  position  of  a  /?-tum  in  cyclic  pentapeptides 
destabilizes  the  type  I  turn  and  favors  the  type  II  turn  (48). 
The  affinity  index  for  loop  3  decreased  from  167  to  0.5 
indicating  the  difficulties  of  binding  GP(D-Ala)R  as  a  type 
I  turn.  An  examination  of  the  Fab  58.2-peptide  crystal 
structure  (Figure  1),  indicated  that  the  D-Ala  a-methyl  group 
would  not  interfere  sterically  if  loop  3  were  bound  as  a  type 
I  turn.  Consequently,  loop  3  provides  a  sensitive  probe  for 


HIV-1  Cyclic  V3  Peptide  Immunogen 


Biochemistry,  Voi  39,  No.  47,  2000  14383 


type  I  turn  specificity,  (ii)  Fab  58.2  also  binds  R(Aib)FY  as 
a  type  I  turn  (Figure  1).  Aib  favors  the  (1r- region  of 
Ramachandran  space  (49)  which  is  adopted  by  Aib8  (<j>  ~ 
-50°,  ip  =  -42°)  in  the  Fab  58.2  bound  peptide  (27).  The 
additional  a-methyl  group  on  Aib  (as  compared  with  Ala) 
projects  into  space  and  does  not  contact  Fab  58.2  in  the 
crystal  complex  (Figure  1).  When  Ala8  in  loop  2  was 
replaced  with  Aib  to  give  loop  4,  the  affinity  index  improved 
about  6-fold  to  968  indicating  a  conformational  stabilization 
by  Aib.  (iii)  The  conformational  preference  of  MAb  58.2 
for  GlylO  was  probed.  Gly  is  a  preferred  amino  acid  at  the 

1,  i  +  3  position  of  type  I  turns,  often  occupying  the  aL- 
region  of  Ramachandran  space  (59).  Consequently,  it  is  not 
surprising  to  find  that  D-amino  acids  can  occupy  i,  i  +  3 
positions  in  type  I  turns  in  cyclic  pentapeptides  (48,  50). 
When  GlylO  was  substituted  with  D-Ala  to  give  loop  5,  the 
affinity  index  improved  to  1667.  However,  when  D-AlalO 
in  loop  5  was  replaced  with  Aib,  the  replacement  had  little 
effect  on  affinity  (not  shown)  suggesting  that  X10  can  occupy 
different  regions  of  Ramachandran  space  in  the  bound  state. 

A  disulfide  loop  6  (Table  1)  was  prepared  to  determine 
the  effect  of  a  different  linker  on  affinity.  Disulfide  links 
are  often  found  just  beyond  /7-strand  pairs  where  they  are 
offset  diagonally  from  the  strands  (57).  The  disulfide  loop  6 
links  cysteine  side  chains  to  form  a  38-member  ring  while 
the  hydrazone-linked  loop  5  is  a  main-chain  linked  37- 
member  ring.  Replacing  the  hydrazone  link  with  the  disulfide 
link  reduced  the  affinity  index  of  loop  6  for  MAb  58.2  to 
176  (Figure  3)  suggesting  that  the  hydrazone  link  can  better 
accommodate  the  conformer  bound  by  MAb  58.2  than  the 
disulfide  link. 

The  affinities  of  linear  and  loop  peptides  for  a  second  V3 
MAb  59.1  were  compared  to  determine  whether  MAb  59.1, 
which  binds  peptides  in  a  related  but  different  conformation 
to  MAb  58.2  (Table  2),  could  discriminate  among  these 
peptides.  MAb  59.1  bound  loops  2  and  4  with  about  4-fold 
higher  affinity  than  the  corresponding  linear  2  and  linear  4 
peptides  (not  shown).  The  substitution  of  Aib  for  Ala8  had 
little  or  no  effect  on  affinity.  Consequently,  loop  5  stabilizes 
or  can  adapt  to  the  MAb  59. 1  bound  conformer  but  not  nearly 
as  well  as  to  the  conformer  bound  by  MAb  58.2. 

One  further  comparison  was  made  of  the  affinity  of  MAb 
58.2  for  the  MN  peptide,  acetyl-RJHIGPGRAFY-NH2,  with 
a  corresponding  peptide,  acetyl- SIHIGPGRAFY-NH2,  rep¬ 
resentative  of  the  primary  isolates  that  were  weakly  neutral¬ 
ized  by  the  antibody  (30).  A  competition  ELISA  assay 
showed  that  MAb  58.2  bound  the  MN  peptide  with  14-fold 
higher  affinity  than  the  primary  isolate  peptide  (Supporting 
Information).  The  N-terminal  Arg  forms  a  bifurcated, 
electrostatic  bond  between  the  guanidinium  side  chain  and 
an  aspartyl  carboxylate  group  on  the  Fab  (Figure  1)  that 
likely  accounts  for  the  higher  affinity  of  the  MN  peptide. 

NMR  Structural  Studies .  The  high  affinity  indices  of  loops 

2,  4,  5,  and  6  for  MAb  58.2  (Table  3)  suggested  that  these 
cyclic  peptides  adopted  conformation(s)  in  water  that  mim¬ 
icked  the  MAb  58.2  bound  conformer  to  a  much  better 
degree  than  the  linear  peptides.  To  assess  this  possibility, 
NMR  structural  studies  were  carried  out  on  loop  5  and 
compared  with  those  for  a  linear  V3  Aib-peptide,  acetyl- 
GHIGPGR(Aib)FGGG-NH2,  in  10%  D20/H20,  pH  5.0,  at 
or  near  ambient  temperatures. 


Figure  4:  The  amide  proton  region  of  ID  NMR  spectra  for  (A) 
20  mM  linear  Aib-peptide,  acetyl-GHIGPGR(Aib)FGGG-NH2,  in 
10%  D2O/90%  H20  at  pH  5.0,  24  °C  and  (B)  20  mM  loop  5  at  pH 
5.0,  21  °C,  in  10%  D2O/90%  H20. 

A  comparison  of  the  amide  NH  regions  of  ID  NMR 
spectra  for  the  linear  Aib-peptide  and  loop  5  (Figure  4) 
revealed  large  shifts  in  resonance  positions  indicating  major 
differences  in  chemical  environment  and  conformation 
consistent  with  a  structural  basis  for  affinity  enhancement. 
Both  the  linear  and  cyclic  peptides  showed  a  minor  com¬ 
ponent  (10%)  that  could  arise  from  cis— trans  isomerization 
at  the  Gly -Pro  tertiary  amide  link.  Another  short,  protected 
MN  V3  peptide  has  been  reported  to  isomerize  in  DMSO 
(52).  As  expected,  the  major  component  of  loop  5  displayed 
a  strong  G4a-P5<5  NOE  indicating  a  trans  peptide  bond  (53). 
Fab  58.2  binds  V3  peptides  with  Gly-Pro  in  the  trans 
configuration  (Figure  1)  (27).  Although  we  could  not 
establish  full  connectivities  for  the  10%  isomer,  a  G4a-P5a 
NOE  was  evident  for  a  minor  component  in  loop  5  (not 
shown)  indicating  the  presence  of  a  cis  Gly-Pro  isomer  (53). 
The  acylhydrazone  is  another  potential  source  of  cis-trans 
isomerization.  No  Ga-Za  NOE  was  apparent  for  the  major 
component  indicating  that  the  main-chain  C-N  link  is  in 
the  trans  configuration  relegating  the  -N-N-  link  to  the  “cis” 
position.  Fab  58.2  binds  loop  1  in  this  configuration  (27). 
Loop  5  showed  additional  minor  components  (<5%)  (Figures 

4  and  6),  which  may  reflect  isomerization  at  the  acylhydra¬ 
zone  or  the  presence  of  minor  peptide  impurities,  possibly 
from  racemization  since  no  impurities  were  detected  by  mass 
spectroscopy  (Supporting  Information). 

Further  structural  information  was  developed  for  the  linear 
Aib  peptide  and  loop  5  major  components.  The  resonance 
positions  for  all  protons  for  the  linear  Aib-peptide  and  loop 

5  were  assigned  (Supporting  Information)  from  2D-NMR 
experiments  using  standard  sequential  assignment  methods 
(54).  These  include  stereospecific  assignments  for  the  loop 
5  F9  /7-methylene  protons  (Figure  5  and  Supporting  Informa¬ 
tion)  which  were  made  according  to  the  method  of  Basus 
(62). 

The  overlap  of  several  resonances  for  main-chain  amide 
protons  for  loop  5  (Figure  4)  prompted  the  synthesis  of  loop 
7  (Ileu3  to  Val3)  which  led  to  a  small  improvement  in 
resonance  separation  (Supporting  Information).  Loop  7 
showed  a  similar  set  of  minor  components.  ROESY  experi¬ 
ments  for  loops  5  and  7  displayed  the  same  structure-defining 


14384  Biochemistry ,  Vol.  39,  No.  47,  2000 


Cabezas  et  al. 


A. 

1  3  10 

Unear-Alb  GH  I  GPGRAibFGGG 
Peptide 

Temp.Coef.  -6.7  *  -7.3  -6.1  NA  *6.8  -73  -8.7  -6.9  -4.4  -4.5  -7.6 

<6ppb/K) 

JoN*Hz  5.8  *  73  53  NA  *  *  NA  7.1  *  *  5.7 

4.8 

Jap.Hz  9.1 


Temp.Coef.  NA  -6.2  -6.5  -6.0  NA  -6.1  -6.4  -6.8  -53  -3.4  -53  NA 

for  Loop  7 
(6ppb/K) 

Jojy.Hz  NA  73  7.6  5.0  NA  5.4  7.0  *  73  7.0  6.0  63 

6.4  5.4 


JqP2.Hz 

JqP3>H2 

daN0»  *  +  1) 

dNN(l,  l  +  1)  NA  , 

djJN^»  *  +  0 


9.8 

5.0 


NA  NA  ... 
NA  _  NA 


NA 


I  NA 
NA 
NA 


Figure  6:  Portions  of  ROESY  spectra  for  20  mM  solutions  of  (A) 
the  linear  V3  Aib-peptide,  acetyl-GHIGPGR(Aib)FGGG-NH2,  in 
10%  D20/H20,  pH  5.0,  at  24  °C  and  (B)  loop  5  in  10%  D20/H20, 
pH  5.0,  at  21  °C.  NOEs  that  are  indicative  of  /Lturns  are  displayed 
by  loop  5  but  not  by  the  linear  Aib-peptide  (x). 


d6N(U+i)  — 

dp5(M+D  mm 

doN(M  +  2)  1 - 1 

d0N(l,i  +  2)  ' - < 

dftfitl,  1  +  3)  1 - < 

d^(U  +  8)  » - . 

Figure  5:  Summary  of  NMR  data  for  the  (A)  linear  Aib-peptide 
at  pH  5.0,  24  °C  and  (B)  loop  5  at  pH  5.0,  21  °C.  Temperature 
coefficients  for  loop  7  are  included  with  the  data  for  loop  5. 
Temperature  coefficients  were  determined  from  linear  regression 
analysis  of  five  measurements  made  between  13—34  °C  with  R  > 
0.996  (Supporting  Information).  7on  and  J ^  were  determined  from 
ID  and  P.  E.  COSY  spectra.  Asterisk  (*)  indicates  overlapping 
signals.  Double  asterisks  (**)  indicate  that  both  Aib8^-F9N  NOEs 
were  medium  intensity.  Strong,  medium-strong,  medium,  and  weak 
NOEs  are  indicated  by  the  heights  of  the  filled  bars.  Lines  are  for 
weak  NOEs  except  for  the  Aib8^-(D-Ala)10N  NOE  which  was 
medium  intensity.  Blank  spaces,  no  NOEs;  NA,  not  applicable.  The 
loop  5  F9^2  which  resonates  at  2.95  ppm  showed  a  strong  F9N^2 
NOE  (Figure  6)  and  a  weak  F9C^2  NOE  (not  shown),  while  F9^3  at 
3.22  ppm  showed  a  weak  F9N^3  NOE  (Figure  6)  and  a  medium 
F9^3  NOE  (not  shown). 

NOEs  (Supporting  Information)  indicating  similar  structures. 
The  affinities  of  loop  5  and  7  for  MAb  58.2  differed  by  no 
more  than  2-fold  consistent  with  similar  structures  (Sup¬ 
porting  Information).  Since  loop  5  and  loop  7  are  chemically 
and  structurally  very  similar,  the  additional  NMR  data  for 
loop  7  resulting  from  better  separation  of  resonance  positions 
are  used  to  supplement  the  data  for  loop  5. 

Secondary  structures  display  characteristic  NOE  patterns 
(55),  which  along  with  other  data  can  be  used  to  identify 


peptide  conformations  (55).  The  coupling  constants,  amide 
proton  temperature  coefficients,  and  NOEs  for  the  linear  Aib- 
peptide  and  loop  5  are  summarized  in  Figure  5.  Portions  of 
spectra  from  2D  ROESY  experiments  identifying  NOEs  for 
the  linear  Aib-peptide  and  loop  5  are  compared  in  Figure  6. 
Both  peptides  showed  strong  doN(i,  i  +  1)  NOEs  that  are 
characteristic  of  unfolded  forms  (55).  However,  loop  5 
displayed  additional  NOEs  that  indicated  the  stabilization 
of  significant  populations  of  ft- turns  within  GPGR(Aib)F- 
(D-Ala). 

Loop  5  showed  P5<i-G6N,  P5^-G6N  (Figure  6  and  Support¬ 
ing  Information),  and  G6N-R7N  (not  shown)  NOEs  that  were 
not  observed  for  the  linear  Aib-peptide.  In  addition,  the  P5a- 
G6N  NOE  for  loop  5  was  not  as  strong  as  for  the  linear 
peptide.  These  observations  suggest  that  loop  5  stabilizes  a 
type  I  /2-turn  at  GPGR  (55,  57,  58).  The  resonances  for  the 
G6  a-protons  on  loop  5,  unlike  those  for  the  linear-Aib 
peptide,  are  separated  (Figure  6)  providing  another  indication 
of  a  better  defined  environment.  Consequently,  the  5on 
coupling  constants  (5.4  Hz,  5.4  Hz)  for  the  G6  a-protons 
may  be  significant.  These  coupling  constants  are,  however, 
closer  to  those  predicted  for  a  type  II  turn  (5  Hz)  and  a 
random  coil  (6.5  Hz)  than  a  type  I  turn  (9  Hz)  (55).  The 
medium-strong  P5a-G6N  NOE  could  reflect  the  presence  of 
a  type  II  turn  as  well  as  a  random  coil  (55,  57,  58).  Type  I 
and  II  turns  are  often  but  not  always  characterized  by  i,  i  -f 
3  hydrogen  bonds  (56,  57).  The  temperature  coefficient  for 
the  R7  amide  proton  was  lower  for  loop  7  (6.4  ppb/K)  than 
for  the  linear  Aib-peptide  (7.3  ppb/K)  consistent  with  an  i, 
i  +  3  hydrogen  bond.  However,  the  effect  is  small  and  may 
reflect  other  phenomena.  In  this  regard,  R7  and  Gin,  which 
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are  highly  conserved  by  HTV-1  at  GPG(R/Q)  (5),  are  also 
favored  at  this  position  in  type  II  turns  for  their  ability  to 
form  side  chain  interactions  with  the  i  amino  acid  that 
substitutes  for  main-chain  i,  i  +  3  hydrogen  bonds  (59).  MAb 
59.1  binds  GPGR  in  this  manner  (44, 45).  Although  the  NMR 
data  suggests  that  loop  5  stabilizes  GPGR  as  a  type  I  turn, 
it  is  likely  to  be  in  equilibrium  with  less  ordered  conformers 
and  possibly  other  turn  types. 

The  NMR  data  suggests  that  loop  5  stabilizes  a  second 
/Ltum  at  R(Aib)F(D-Ala)  as  well.  The  data  for  R(Aib)F(D- 
Ala)  which  are  characteristic  of  helices  and  /?-tums  (55,  58) 
are  consistent  with  the  presence  of  type  I  and  HI  /Ltums. 
The  type  HI  turn  [aR  —  aR  — ■  aR  aR]  has  been  merged 
with  and  classified  as  a  type  I  turn  [aR  — *  aR]  since  in  both 
cases  the  /J-tum  defining  i  +  1  and  i  +  2  amino  acids  occupy 
the  a-region  of  Ramachandran  space  (60,  61).  However,  a 
type  HI  turn  is  also  one  turn  of  a  3io-helix  that  is  character¬ 
ized  by  additional  NOEs  (55, 58)  that  were  observed  for  loop 
5. 

The  NMR  data  for  R(Aib)F(D-Ala)  can  be  summarized 
as  follows,  (i)  Sequential  dNN(i,  i  +  1)  NOEs  for  (Aib)F(D- 
Ala)G  (not  shown)  are  characteristic  of  helices  and  the  type 
m  turn  (55,  58).  (ii)  The  R7a-F9N  NOE  is  weak  and  of 
similar  intensity  to  the  R7a-(D-Ala)10N  NOE  (Figure  6  and 
Supporting  Information)  suggesting  a  3i0-tum,  i.e.,  type  m 
turn  (55,  58).  It  is  very  unlikely  that  these  weak  NOEs  or 
the  weak  PS^-Gb1^  described  above  arise  from  minor  com¬ 
ponents  buried  under  major  component  resonances  since  they 
are  observed  at  two  different  temperatures  for  loop  5— at  10 
°C  (Supporting  Information)  and  21  °C  (Figure  6)— indicating 
the  same  temperature  dependencies  as  the  major  component 
resonances.  In  addition,  these  NOEs  were  observed  for  loop 
7  (Supporting  Information),  (iii)  An  Aib8^-(D-Ala)10N  NOE 
is  predicted  for  type  I  and  type  III  turns  and  observed  as  an 
overlapping  NOE  (Figure  6)  for  one  of  the  a-methyl  groups 
on  Aib8.  This  NOE  is  clearly  resolved  for  loop  7  (Supporting 
Information).  The  resonances  for  the  two  a-methyl  groups 
on  Aib8  are  well-separated  for  loop  5  as  compared  with  the 
linear  Aib-peptide  (Figure  6)  consistent  with  a  more  struc¬ 
tured  environment.  The  pattern  of  F9^  coupling  constants, 
F9N^  and  F9°^  NOEs,  which  are  summarized  in  Figure  5 
and  the  accompanying  legend,  indicate  that  the  conformation 
of  the  F9  side  chain  is  largely  restricted  to  the  g-f-  conforma¬ 
tion  (x  angle  =  —60°)  (62),  in  agreement  with  the  Fab  58.2 
bound  Aib-peptide  (Figure  1)  (21).  (iv)  The  temperature 
coefficient  for  the  D-AlalO  amide  proton  of  loop  7  (—3.4 
ppb/K)  is  low,  which  is  consistent  with  its  participation  in  a 
hydrogen  bond  to  the  R7  carbonyl  oxygen  atom  that  is 
characteristic  of  type  I  and  m  turns.  The  temperature 
coefficient  for  the  D-AlalO  amide  proton  in  loop  5  which  is 
well-resolved  (Figure  4)  is  similarly  low  (not  shown).  The 
NMR  data  for  R(Aib)F(D-Ala)  suggests  a  very  substantial 
population  of  type  I  turns  that  may  be  embedded  in  and/or 
in  equilibria  with  helical-like  turns.  The  linear  Aib-peptide 
may  stabilize  minor  populations  of  similar  structures  as 
suggested  by  weak  dNN(i,  i  +  1)  NOEs  (not  shown)  for 
AibFG  and  a  lowered  temperature  coefficient  for  the  G10 
amide  proton. 

Overall,  the  NMR  data  for  loop  5  is  consistent  with  a 
dynamic  equilibrium  of  structures  that  include  regions  of 
disorder  and  conformers  that  stabilize  type  I  turns  at  GPGR 
and/or  R(Aib)F(D-Ala)  that  are  not  as  evident  in  the  linear 


4  [  B  cell  epitope |-SH 


CI-CH2-COfTccn  epitope f-KKK. 

\gg 

a-CHyCOffccll  epitope  hKKKX  \ 

ka-nh2 

a-CHrCOfr  cell  epitope |-KKK  / 

aCHyCOlfcel'i"  epitope  t-KKK^ 


6M  Guanidinium  Hydrochloride, 
EDTA.pH  8.9,20  hours 


|  B  cell  epitope }-S-CH2-CO{t  cell  epitope]- KKK^ 

[  B  cell  epilope|-S-CH2-CC>fTcell  epitope]-  KKi^  ^ 

/A-NI 

[  B  cell  epitope |-S  -CHrCOff  cell  epitope [-  KKy5 


Figure  7:  Synthesis  of  linear  5  and  loop  5  MAPS.  The  B-cell 
epitope,  either  linear  5/C  or  loop  5/C,  was  reacted  with  a 
chloroacetylated  T-cell  epitope,  QYIKANSKFIGITEL,  on  a  MAPS 
core.  The  branch  points  were  formed  by  coupling  amino  acids  to 
the  a-  and  6-amino  groups  of  Lys.  Chemical  structures  are  shown 
in  Table  1  and  Supplementary  Information. 


Aib-peptide.  The  enhanced  affinity  of  loop  5  for  MAb  58.2 
which  binds  GPGR(Aib)FY  as  overlapping  type  I  turns  can 
thus  be  attributed  to  conformational  stabilization.  However, 
it  remains  unclear  whether  loop  5  stabilizes  the  precise 
conformation  recognized  by  MAb  58.2  (Table  2)  or  whether 
further  conformational  adjustments  are  required  for  binding. 

Immunogenicity.  The  corresponding  linear  5  and  loop  5 
were  incorporated  into  individual  MAPS  (Figure  7)  for 
generating  antibodies.  The  basic  MAPS  design  (35)  was 
modified  by  increasing  the  distance  between  branch  points 
with  tandem  glycines  (36)  and  inserting  three  tandem  lysines 
at  the  carboxyl  end  of  the  four  branches  which  imparts 
aqueous  solubility  (37).  C-terminal  cysteines  on  linear  5/C 
and  loop  5/C  were  reacted  with  the  chloroacetylated-tetanus 
toxoid  T-cell  epitope,  QYIKANSKFIGITEL  (TT2),  on  a 
four-branched  MAPS  core  to  give  linear  5-MAPS  and  loop 
5-MAPS  (Figure  7).  Chemical  ligation  opens  a  route  to  larger 
MAPS  that  can  be  synthesized  with  the  purity  required  for 
characterization  by  MS  (63).  The  TT2  epitope  is  capable  of 
recruiting  T-cell  help  in  mice,  rabbits,  and  humans  (64,  65). 
Both  MAPS  which  are  protein-sized  (132  amino  acids)  were 
soluble  in  water  and  confirmed  by  MS  (Supporting  Informa¬ 
tion). 

Two  groups  of  three  female  NZW  rabbits  were  immunized 
four  times  during  the  course  of  34  weeks  with  linear  5-MAPS 
(rabbits  P1-P3)  and  loop  5-MAPS  (rabbits  P4-P6)  in 
RIBFs  adjuvant  (66).  Dosage  was  minimized  and  the 
immunization  schedule  was  lengthened  to  favor  high  affinity 
antibodies  (67).  High  titers  of  antibodies  to  the  immunizing 
peptide  were  observed  following  the  third  (12  week)  and 
fourth  (34  week)  immunizations.  Unless  otherwise  noted, 
analyses  were  carried  out  with  the  12-week  antisera. 

The  immunized  rabbits  showed  striking  differences  in  their 
antibody  responses  to  the  linear  5-MAPS  and  loop  5-MAPS 
(Figure  8).  Each  rabbit  immunized  with  the  loop  5-MAPS 
developed  antibodies  that  bound  rgpl20,  while  rabbits 
immunized  with  the  linear  5-MAPS  did  not  (Figure  8  and 
Supporting  Information).  Both  sets  of  rabbits  developed  high 
end-point  titers  (>  64  000  for  the  immunizing  peptide)  of 
antibodies  that  bound  linear  5  and  loop  5.  However,  while 
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Rabbit 

Figure  8:  End-point  titers  of  antibodies  generated  by  rabbits  PI¬ 
PS  (linear  5  MAPS)  and  rabbits  P4-P6  (loop  5  MAPS)  to  linear  5 
(clear),  loop  5  (striped),  and  rpgl20  (solid). 
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Figure  9:  Competition  ELISA  assays  of  linear  5  (O)  and  loop  5 
(•)  for  rabbit  P1-P6  antibodies.  Peptides  compete  with  plate-bound 
linear  1  (P1-P3)  or  rgpl20  (P4-P6).  %  Antibody  bound  refers  to 
the  antibody  bound  to  the  plate-bound  antigen.  The  data  for  P2, 
P4,  and  P5  are  from  Figure  3. 


the  titer  profiles  for  rabbits  immunized  with  the  linear 
5-MAPS  were  similar,  those  immunized  with  the  loop 
5-MAPS  showed  distinct  differences.  P4  antisera  showed 
higher  titer  to  rgpl20  than  to  linear  5  and  loop  5.  P5  antisera 
showed  very  high  titers  to  linear  5  and  loop  5  and  relatively 
lower  titer  to  rgpl20.  P6  antisera  showed  high  titer  to  linear 
5  and  loop  5  and  very  low  titer  to  rgpl20. 

The  antisera  were  further  evaluated  in  competition  ELISA 
assays.  The  relative  affinities  of  linear  5  and  loop  5  for  PI  — 
P6  antibodies  were  compared  (Figure  9).  Since  the  P1-P3 
antisera  did  not  bind  rgpl20,  a  C-terminal  biotinylated  linear 


5  peptide  was  adsorbed  to  neutrAvidin  coated  titer  wells  for 
competition  ELISAs  with  P1-P3  antisera.  The  P1-P3  anti- 
linear  5  antibodies  bound  linear  5  with  higher  affinities  than 
loop  5.  A  significant  fraction  of  the  PI  and  P2  antibodies 
bound  loop  5,  while  P3  antibodies  showed  a  smaller 
population  of  antibodies  binding  loop  5.  The  competition 
curves  for  PI  and  P2  are  relatively  flat  reflecting  heteroge¬ 
neous  populations  of  antibodies. 

Competition  ELISAs  for  the  P4-P6  antibodies  was  carried 
out  on  plate-bound  rgpl20  to  characterize  the  protein-reactive 
antibodies.  The  rgp  120-binding  P4-P6  antibodies  showed 
very  high  affinities  for  loop  5  [EC50  =  (0.5—2)  x  10-9  M~l, 
Figure  9].  The  EC50  values  are  at  least  10-fold  lower  than 
that  shown  by  MAb  58.2  for  loop  5  (EC50  =  2  x  10~8  M~\ 
Figure  3).  Also,  the  EC50  values  for  loop  5  for  the  P4— P6 
antibodies  are  about  100-1000  times  lower  than  the  EC50 
values  for  linear  5  for  the  PI— P3  antibodies  [EC50  = 
(0.2-2)  x  10"6  M-1].  Although  the  P4-P6  rgp  120-binding 
antibodies  are  heterogeneous,  the  individual  antisera  differed 
enough  that  distinctions  can  be  drawn.  The  P4  antibodies 
showed  the  greatest  similarity  to  MAb  58.2.  P4  antibodies 
binds  loop  5  with  a  330-fold  lower  EC50  value  than  linear  5. 
In  contrast,  P5  antibodies  bind  loop  5  and  linear  5  with  very 
similar  apparent  affinities.  The  P6  rgpl20-specific  antibodies 
showed  higher  affinity  for  loop  5  but  represent  a  minor 
population.  The  competition  curves  for  P4-P6  are  more 
nearly  sigmoidal  than  those  for  P1-P3  indicating  antibodies 
with  similar  affinities. 

The  preferences  of  P2  linear  5  antibodies  and  P4  and  P5 
rgpl20-specific  antibodies  were  compared  with  MAb  58.2 
using  full  peptide  scans  (Figure  3).  These  scans  provide  a 
more  complete  picture  of  the  differences  in  the  responses  of 
rabbits  to  linear  5  (P2)  and  to  loop  5  (P4,  P5)  as  well  as 
animal-to-animal  differences  in  the  response  to  loop  5  (P4 
vs  P5).  Relative  EC50  values  (affinity  indices)  for  MAb  58.2, 
P4,  and  P5  rgp  120-binding  antibodies  are  compared  in  Table 

3 

The  P4  rgp  120-specific  antibodies  came  closest  to  dupli¬ 
cating  the  competition  profile  for  MAb  58.2  (Figure  3). 
The  affinity  indices  were  similar  with  those  for  loop  5  > 
loop  4  >  loop  2  >  loop  1  >  linear  4/5  >  linear  1/2  >  linear 
3  (Table  3)  for  both  P4  antibodies  and  MAb  58.2.  The  P4 
antibodies  also  bound  the  disulfide  loop  6  with  higher  affinity 
than  the  corresponding  linear  4  peptide  implying  a  confor¬ 
mational  effect  independent  of  the  linker.  Loop  3  is  the  only 
peptide  that  strongly  deviates  from  the  general  agreement. 
Whereas  the  substitution  of  D-AIa  for  Gly6  in  loop  2  to  give 
loop  3  decreased  the  affinity  index  334-fold  for  MAb  58.2, 
it  reduced  the  index  about  5-fold  for  the  P4  antibodies  (Table 
3).  MAb  58.2  appears  unique  among  the  antibodies  examined 
in  its  ability  to  strongly  discriminate  against  loop  3. 

The  P5  rgpl20-specific  antibodies  showed  strong  prefer¬ 
ences  for  Aib-peptides  that  appeared  to  be  nearly  independent 
of  whether  the  peptide  was  cyclized  or  not  (Figure  3).  The 
affinity  index  of  P5  antibodies  for  linear  4  (Aib-peptide)  was 
185-fold  higher  than  that  for  the  corresponding  linear  2  (Ala- 
peptide)  (Table  3)  implying  that  Aib  was  a  core  amino  acid 
and  that  the  additional  a-methyl  group  on  Aib  was  specif¬ 
ically  bound  by  the  P5  antibodies.  The  similar  affinities  and 
sharper  competition  curves  of  Aib-peptides  for  P5  antibodies 
may  reflect  very  high  affinity,  stoichiometric  binding,  of  Aib- 
peptides  to  these  P5  antibodies.  Although  P5  antibodies 
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Figure  10:  The  neutralization  of  infection  of  H9  cells  by  100 
TCID50  MN  with  (A)  MAb  58.2  with  (a)  and  without  (•)  41  //M 
loop  5  and  (B)  P1-P6  antisera,  week  12  (PI,  O;  P2,  0;  P3,  a;  P4, 
•;  P5,  ♦;  P6,  A).  The  neutralization  of  MN  by  P4  antiserum  is 
blocked  by  41  fiM  loop  5  (not  shown). 

showed  similar  apparent  affinities  for  linear  and  cyclic  Aib- 
peptides,  they  showed  a  17-fold  higher  affinity  index  for  loop 
2  (Ala-peptide)  as  compared  with  linear  2  (Ala-peptide).  The 
higher  affinity  of  gp  120-reactive  antibodies  for  a  cyclic 
peptide  was  maintained,  although  it  was  not  as  great  as 
observed  for  the  P4  rgp  120-specific  antibodies  (Table  3). 

The  P2  antibodies  bound  with  higher  affinities  to  linear 
peptides  than  to  the  corresponding  cyclic  peptides  (Figure 
3).  The  P2  antibodies  showed  about  a  10-fold  higher  affinity 
index  for  linear  Aib-peptides  than  for  linear  non-Aib  pep¬ 
tides.  Similar  differences  were  observed  for  PI  and  P3 
antibodies  (not  shown).  The  apparent  affinity  enhancements 
of  P1—P3  antibodies  for  linear  Aib  peptides  («7—  10-fold) 
were  similar  to  MAb  58.2  (^  10-fold)  suggesting  a  confor¬ 
mational  effect.  Regardless,  Aib  was  not  a  core  amino  acid 
for  most  P1-P3  antibodies  as  it  was  for  P5  antibodies  (185- 
fold  Aib  effect).  About  half  of  the  P2  antibodies  bound  loop 
peptides  (Figure  3),  while  the  remaining  half  did  not.  The 
inability  to  bind  a  loop  could  reflect  conformational  incom- 
patabilities  between  anti-linear  5  antibodies  and  loops  or  it 
could  reflect  the  requirement  for  a  free  N-terminal  amino 
acid  (wrap-around  binding).  However,  at  least  a  half  of  PI 
and  P2  antibodies  and  a  quarter  of  P3  antibodies  bound  loop 
5  in  ELISAs  (Figure  8)  indicating  that  these  antibodies  do 
not  require  a  free  end  and  should  not  be  limited  by  this 
requirement  from  binding  rgp  120. 

The  P4-P6  rgpl20-binding  antibodies  share  characteristics 
that  were  not  found  for  the  PI  — P3  antibodies,  namely,  high 
affinities  and  a  preference  for  cyclic  peptides.  Although  the 
modified  regions  of  the  peptides  could  contribute  to  the 
affinity  of  rabbit  antibodies  for  peptides  (P5  antibodies  for 
Aib),  rgp  120  is  unmodified.  The  simplest  interpretation  of 
rgp  120  binding  is  that  the  loop  5  antibodies  are  more 
compatible  with  the  conformation  of  the  V3  epitope  on 
rgp  120  than  the  linear  5  antibodies. 

HIV  Neutralization.  Each  of  the  rabbit  antisera  and  MAb 
58.2  were  tested  for  the  neutralization  of  MN  infection  of 
human  T-lymphoid  H9  cells  (Figure  10).  MAb  58.2  neutral¬ 
ized  MN  with  IC90  =  0.75  fig/ mL.  P1-P3  linear  5  antisera 
had  no  effect  on  MN.  The  loop  5  P4  antiserum  (12  week, 
34  week)  neutralized  MN  with  titers  of  128  and  100, 
respectively.  P5  and  P6  antisera  (12  week)  showed  weak 
neutralizing  activity  at  1/16  antiserum  dilution.  Several 
controls  were  run  concurrently.  Neither  preimmunization  P4 
serum,  loop  5  alone  (41  /iM),  MAb  58.2  mixed  with  loop  5 
(41  fx M),  nor  P4  antiserum  (34  week)  mixed  with  loop  5 
(41  fi M)  neutralized  MN. 


Table  4:  Antibody  Midpoint  Titers  for  rgp  120,  MN  Neutralization 
Titers,  and  Potencies  of  MAb  58.2  and  PI— P6  Antisera" 


antibodies 

rgpl20 
midpoint  titer 

neutralization 
titer  IC90 

potency 
(rgp  120  titer/ 
neutralization  titer) 

MAb  58.2 

5.0  X  105 

1.5  x  104 

33 

PI— P3  (12  week) 

<125 

<16 

NA 

P4  (12  week) 

1.0  x  104 

128 

78 

P4  (34  week) 

1.0  x  104 

100 

100 

P5  (12  week) 

4.5  x  103 

<16 

>281 

P6  (12  week) 

200 

<16 

>13 

0  Antibodies  are  from  10-day  bleeds  following  the  third  (12  week) 
and  fourth  (34  week)  immunizations,  rgp  120  midpoint  titers  were 
determined  from  the  reciprocols  of  MAb  58.2  (11  mg/mL)  or  antisera 
dilutions  that  gave  an  optical  density  of  1.0  in  the  standard  ELISA 
(Materials  and  Methods).  Neutralization  titers  are  for  reciprocols  of 
the  highest  dilution  of  antibody  that  suppressed  detectable  levels  of 
p24.  Potencies  are  rgpl20  midpoint  titer/ICgo,  neutralization  titer.  NA, 
not  applicable. 


Since  a  goal  of  this  study  was  to  determine  whether  the 
potent  neutralizing  activity  of  a  template  MAb  could  be 
recapitulated  with  a  mimetic  identified  by  the  MAb,  we 
compared  the  neutralizing  potency  of  the  rabbit  antibodies 
with  MAb  58.2  (Table  4).  Potency  is  a  measure  of  the 
concentration  of  an  antibody  required  for  neutralization. 
Since  PAbs  are  complex  mixtures  of  antibodies,  we  used 
midpoint  antibody  titer  for  rgp  120/neutralization  titer  as  a 
measure  of  potency  (Table  4).  These  measures  served  two 
purposes.  First,  they  provided  a  means  for  comparing  the 
neutralizing  activity  of  PAbs  with  a  template  MAb.  Second, 
since  the  neutralization  sensitivity  of  HIV-1  can  vary  (68, 
69),  a  MAb  can  provide  a  standard  for  wider  comparisons. 

MAb  58.2  and  P4  antisera  (12  week,  34  week)  neutralized 
MN  with  similar  potency  (Table  4)  indicating  that  loop  5 
was  capable  of  recapitulating  the  activity  of  MAb  58.2.  Since 
MAb  58.2  compares  favorably  with  the  most  potent  V3 
MAbs  (see  above),  the  P4  antiserum  is  also  potent.  On  the 
other  hand,  the  P5  rgpl20-specific  antibodies  were  less  potent 
than  MAb  58.2  (Table  4).  The  P6  rgp  120- specific  antibodies 
would  have  to  be  quite  potent  to  account  for  even  a  weak 
neutralizing  titer  since  they  were  generated  at  a  far  lower 
titer  than  the  P4  and  P5  rgp  120-specific  antibodies  (Table 
4). 

Both  MAb  58.2  and  P4  antiserum  were  tested  for  the 
neutralization  of  JR-CSF,  an  HIV-1  primary  isolate  (70)  that 
has  proven  refractory  to  other  V3  MAbs  (71).  Although  the 
JR-CSF  V3  sequence,  SIHIGPGRAFY,  differs  from  the 
MAb  58.2  MN  epitope,  RIHIGPGRAFY,  at  the  N-terminus 
of  the  MAb  58.2  epitope,  MAb  58.2  weakly  neutralized  JR- 
CSF  (IC50  =  200  fig/mL).  This  is  in  agreement  with  previous 
reports  that  MAb  58.2  weakly  neutralized  primary  isolates 
(30).  The  neutralization  of  JR-CSF  by  MAb  58.2  was  blocked 
by  loop  5  (41  fiM)  indicating  that  neutralization  was 
antibody-specific.  Loop  5  (41  fiM)  by  itself  did  not  block 
infection.  P4  antiserum  (week  34)  had  no  effect  on  JR-CSF 
infection  at  1/4  dilution. 

Clonal  Selection.  P4-P6  antibodies  show  very  distinct 
characteristics  indicating  animal-to-animal  differences  in 
antibody  responses  to  loop  5.  First,  the  relative  titers  of  P4- 
P6  antibodies  to  linear  5,  loop  5,  and  rgp  120  are  distinctive 
(Figure  8).  Second,  the  P4  and  P5  rgpl20-specific  antibodies 
show  clear  differences  in  relative  affinities  for  the  same  set 
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of  linear  and  loop  peptides  in  competition  ELISAs  (Figure 
3).  Third,  P4  antiserum  potently  neutralized  MN,  while  the 
P5  and  P6  antisera  were  weakly  neutralizing  (Figure  10). 
These  results  imply  a  restricted  clonal  response  of  B-cells 
to  loop  5  by  the  individual  rabbits.  The  clearest  case  for 
clonal  selection  can  be  made  with  P5  rgp  120-specific 
antibodies  since  they  show  a  strong  preference  for  the  Aib- 
peptides.  The  Aib-peptides  differ  from  the  Ala-peptides  by 
the  addition  of  a  single  a-methyl  group  that  represents  about 
1%  of  the  mass  of  loop  5.  However,  most  if  not  all  of  the 
P5  rgp  120-specific  antibodies  show  large  affinity  enhance¬ 
ments  for  the  linear  4  Aib-peptide  as  compared  with  the 
corresponding  linear  2  Ala-peptide  (Figure  3).  This  implies 
that  most  of  these  P5  antibodies  bind  the  extra  methyl  group 
suggesting  that  a  very  narrow  population  of  rgp  120-specific 
antibodies  was  generated  by  P5. 

DISCUSSION 

A  striking  result  from  the  current  study  was  the  5500- 
fold  range  of  affinities  of  linear  and  loop  peptides  for  MAb 
58.2  (Figure  3).  These  affinity  differences  are  most  likely 
due  to  structural  changes  within  the  peptide  rather  than 
contributing  or  interfering  interactions  of  modified  regions 
of  the  peptide  with  MAb  58.2.  The  modifications  were  made 
exterior  to  the  observed  binding  face  of  V3  peptides  in  Fab 
58.2-peptide  crystal  complexes  (27).  The  wide  range  of 
peptide  affinities  shows  that  the  affinity  of  an  antibody  for 
a  peptide  can  be  extraordinarily  sensitive  to  peptide  structure. 

Loop  5  binds  >  1000-fold  more  tightly  to  MAb  58.2  than 
the  corresponding  unconstrained  V3  peptides  (linear  1  and 
2).  Our  literature  search  went  back  27  years  to  the  17-residue 
disulfide  loop  of  lysozyme  to  find  a  similarly  large  effect 
(72).  The  earlier  study,  as  does  the  present  one,  proposed 
that  the  enhanced  antigenicity  and  immunogenicity  of  the 
cyclic  peptide  was  due  to  a  conformational  effect.  This 
proposal  was  questioned  for  the  lysozyme  loop  study  (73) 
since  no  direct  evidence  was  presented  that  the  synthetic 
lysozyme  loop  adapted  a  native  structure.  The  current  study 
provides  a  structural  analysis  that  supports  a  conformational 
basis  for  enhanced  activity. 

The  relationship  between  the  structure  and  affinity  of  a 
peptide  for  an  antibody  has  been  described  by  Anfinsen  and 
co-workers  (72).  Formally,  affinity  can  be  viewed  as  the 
product  of  the  fraction  of  the  total  peptide  that  is  folded, 
reflecting  tfconf,  the  equilibrium  constant  for  folding,  and  the 
binding  constant  for  the  folded  peptide.  Anfinsen  (72) 
calculated  that  Aw  for  folding  a  51 -residue  fragment  of 
staphylococcal  nuclease  is  2  x  10“4  reflecting  a  5000-fold 
affinity  enhancement  for  the  catalytically  active  form  of  the 
nuclease  as  compared  with  that  of  the  inactive  fragment  for 
PAbs  generated  by  the  native  protein  (72).  The  >  1000-fold 
improvement  in  affinity  of  loop  5  relative  to  the  uncon¬ 
strained  V3  peptide  for  MAb  58.2  indicates  that  large  affinity 
enhancements  can  extend  to  short  constrained  peptides 
(8-residues)  as  well.  Whereas  Kconi  for  the  large  nuclease 
fragment  could  reflect  that  for  the  reconstitution  of  a 
discontinuous  epitope  (topological  assembly  of  amino  acids 
distant  in  sequence),  the  latter  result  with  loop  5  indicates 
that  large  effects  can  extend  to  continuous  epitopes. 

Since  peptides  are  mostly  disordered  in  aqueous  solution 
(77),  constraining  peptides  to  mimic  protein  substructures 


would  be  expected  to  improve  their  affinities  for  native 
protein  antibodies  in  many  cases.  Indeed,  preliminary  studies 
show  that  hydrazone-linked  peptides  designed  to  stabilize 
loops  and  a-helices  detect  antibodies  in  various  antisera  to 
different  pathogens  that  go  undetected  with  the  corresponding 
unconstrained  peptides  (74,  75).  This  has  important  implica¬ 
tions  since  it  suggests  that  the  native  protein  antibodies  that 
are  most  suited  for  serving  as  templates  for  synthetic  vaccine 
development  are  being  missed  in  screens  with  unconstrained 
peptides  but  can  nonetheless  be  detected  with  constrained 
peptides  because  of  their  much  higher  affinities. 

Loop  5  was  also  far  more  immunogenic  than  linear  5.  This 
difference  reflects  structural  differences  in  the  peptides.  Thus, 
the  antibodies  generated  to  linear  5  by  the  PI—  P3  rabbits 
showed  affinity  preferences  for  linear  peptides  in  comparison 
with  loop  peptides  (Figures  3  and  9)  indicating  the  difficulties 
of  accommodating  a  loop  structure.  Neither  could  the  PI¬ 
PS  antibodies  bind  rgpl20  (Figure  8),  despite  exposure  of 
the  SND,  implying  that  conformational  incompatibilities 
prevented  binding.  On  the  other  hand,  the  P4-P6  rabbits 
generated  antibodies  to  loop  5  that  bound  rgp  120  (Figure  8 
and  Supporting  Information).  These  antibodies  also  bound 
loop  peptides  as  well  as  or  with  higher  affinity  than  linear 
peptides  (Figures  3  and  9)  demonstrating  their  capacity  for 
binding  a  loop  that  also  can  account  for  why  they  bound 
rgp  120. 

The  P4-P6  antibodies  also  neutralized  MN  (Figure  10), 
although  with  very  different  activities.  Animal-to-animal 
differences  in  neutralizing  activity  generated  by  V3  peptides 
have  been  frequently  observed  (23-25,  27,  76).  However, 
the  bases  for  these  differences  have  rarely  been  explored.  In 
one  study,  a  comparison  of  the  amino  acid  specificities  of 
antibodies  in  nonneutralizing  and  neutralizing  IIEB  antisera 
showed  only  minor  differences  (24).  Consequently,  the 
affinity  profiles  of  P1-P6  antibodies  for  the  linear  and  loop 
peptides  (Figures  3  and  9)  are  striking  for  the  differences 
they  revealed. 

Neutralizing  titers  are  determined  by  the  concentrations 
of  neutralizing  antibodies  and  their  potencies.  The  concentra¬ 
tions  of  V3  antibodies  were  measured  as  titers  for  linear  5, 
loop  5,  and  rgpl20  (Figure  8).  Although  titers  were  high  to 
the  immunizing  peptide,  the  P4— P6  antisera  showed  quite 
different  titers  to  rgpl20.  Added  to  this,  the  neutralizing 
potencies  of  the  P4-P6  rgp  120-specific  antibodies  also 
differed  (Table  4).  These  measures  together  with  the  affinity 
profiles  of  the  rgpl20-specific  antibodies  (Figures  3  and  9) 
provide  rationales  that  can  account  for  differences  in  neutral¬ 
izing  activity. 

The  higher  neutralizing  titer  of  the  P4  antisera  was  due  to 
both  the  higher  relative  concentrations  of  P4  rgp  120- specific 
antibodies  (Figure  8)  and  their  higher  potencies  (Table  4). 
The  P4  rgp  120-specific  antibodies  were  similar  in  potency 
to  MAb  58.2  (Table  4)  demonstrating  that  the  activity  of  a 
template  MAb  can  be  recapitulated  with  a  PAb  response. 
The  P4  antibodies  were  also  generated  to  a  smaller  MN 
epitope,  HIGPGRAF,  than  MAb  58.2,  which  binds  RIHIG- 
PGRAFY.  MAb  58.2  could  derive  a  considerable  affinity 
advantage  (up  to  1000-fold)  from  flanking  amino  acids  (42) 
that  cannot  contribute  to  the  affinity  of  P4  antibodies  for 
MN.  Thus  the  P4  response  shows  that  potent  neutralizing 
activity  can  also  be  focused  onto  a  smaller  epitope. 
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A  comparison  of  the  affinity  profile  of  linear  and  cyclic 
peptides  for  the  P4  rgpl20-specific  antibodies  with  the  profile 
for  MAb  58.2  showed  strong  similarities  (Figure  3).  This  is 
consistent  with  similar  fine  structure  and  conformational 
specificities  for  the  SND  that  could  account  for  their  similar 
potencies  (Table  4).  These  profiles,  however,  also  differ  in 
some  ways  which  as  discussed  below  may  reflect  on 
requirements  for  neutralization  via  the  SND. 

The  lower  neutralizing  titer  of  the  P5  antisera  relative  to 
the  P4  antisera  was  due  more  to  the  lower  potency  of  the  P5 
rgp  120-specific  antibodies  than  to  concentration  differences 
(Table  4).  It  has  been  shown  that  the  lowered  potency  of 
neutralizing  MAbs  for  MN  is  synomynous  with  lower  affinity 
for  the  virus  (79).  Differences  in  the  affinity  of  antibodies 
for  MN  could  arise  from  a  number  of  sources,  including 
differences  in  fine  structure  and  conformational  specificities 
as  well  as  access  to  the  epitope  of  the  virus  (79).  The  affinity 
profile  of  P5  rgpl20-specific  antibodies  (Figure  3)  shows  a 
strong  affinity  enhancement  for  Aib-peptides  (Table  3) 
compared  with  Ala-peptides,  indicating  that  the  added 
a-methyl  group  on  Aib  can  contribute  significantly  to 
affinity.  Consequently,  the  affinity  of  these  P5  antibodies 
for  MN  could  be  suboptimal.  The  specificity  of  the  P5 
antibodies  for  Aib-peptides  also  indicates  differences  in  the 
epitope  recognized  by  P4  and  P5  antibodies  that  could 
possibly  lead  to  differences  in  accessibility  to  the  MN 
epitope.  Regardless,  the  observation  that  most  if  not  all  of 
the  P5  antibodies  show  a  specificity  for  Aib  provides  strong 
evidence  for  a  very  narrow  population  of  P5  rgpl20-specific 
antibodies. 

The  P6  antisera  showed,  as  did  the  P5  antisera,  lower 
neutralizing  titer  for  MN  (Figure  10).  However,  the  bases 
for  lower  neutralizing  titers  of  the  P5  and  P6  antisera  differ. 
The  P6  rgp  120-specific  antibodies  were  generated  at  a  much 
lower  titer  than  either  the  P4  or  P5  rgp  120-specific  antibodies 
(Figure  8).  Thus  the  lower  neutralizing  titer  for  P6  antisera 
reflects  lower  rgp  120-specific  antibody  concentration  rather 
than  potency.  The  P6  rgp  120-specific  antibodies  would  have 
to  be  quite  potent  to  account  for  even  weak  neutralizing  titer 
(Table  4).  The  P6  rgp  120-specific  antibodies  showed  like 
the  P4  antibodies  a  strong  preference  for  loop  5  as  compared 
with  linear  5  (Figure  9)  consistent  with  a  similar  conforma¬ 
tional  preference  providing  a  basis  for  higher  potency  (Table 
4).  However,  for  the  P6  rabbit,  a  third  class  of  loop  5 
antibodies  predominated  that  bound  both  linear  5  and  loop 
5  but  did  not  bind  rgp  120  (Figure  8). 

The  appearance  of  distinct  populations  of  antibodies  in 
the  P4-P6  rabbits  implies  clonal  selection  and  an  amplifica¬ 
tion  process.  Amplification  provides  a  mechanism  for 
generating  populations  of  antibodies  with  specificities  for 
selected  conformers  or  families  of  conformers.  Jemmerson 
and  Blankenfeld  (10)  showed  that  the  activation  of  a  B-cell 
for  antibody  generation  is  dependent  on  the  immunogen 
achieving  an  affinity  for  the  antigen  receptor  on  the  B-cell 
that  exceeds  that  for  binding  the  receptor,  i.e.,  binding  alone 
does  not  necessarily  lead  to  antibody  generation.  The  rgp  120 
specific  antibodies  generated  by  the  P4— P6  rabbits  showed 
much  higher  affinity  for  the  corresponding  immunogen,  loop 
5  (EC50  ~  10~9  M),  than  did  the  P1-P3  antibodies  for  linear 
5  (EC5o  «  10~6-10“7  M)  (Figure  9),  which  may  also  be 
related  to  this  phenomenon  and  the  development  of  distinc¬ 
tive  antibody  populations. 


The  nonimmunogenicity  of  linear  5  was  not  entirely 
expected  since  other  linear  peptides  with  V3  sequences  are 
immunogenic  (23,  24 ,  27).  For  example,  Vu  et  al.  (27) 
reported  that  a  long  C4-V3  MN  peptide  (39-residues;  23 
from  V3)  generated  high  neutralizing  titers  to  MN  in  rhesus 
monkeys  (2000  to  >5000)  which  showed  not  only  that  the 
C4-V3  MN  peptide  is  immunogenic  but  implies  that  it  was 
more  immunogenic  than  loop  5.  However,  comparisons  are 
complicated  for  instance  by  differences  in  neutralization 
assays.  The  neutralization  sensitivity  of  HIV-1  can  vary 
widely  for  ostensibly  the  same  assay  (68,  69).  Also,  longer 
peptides  might  generate  neutralizing  antibodies  to  epitopes 
other  than  the  SND.  MAb  58.2  served  as  a  reference  MAb 
in  this  study  indicating  that  loop  5  generated  potent  neutral¬ 
izing  antibodies  to  the  SND. 

The  difference  in  the  immunogenicity  of  linear  5  and  loop 
5  is  structure-based  and  indicates  that  a  degree  of  confor¬ 
mational  compatibility  must  be  achieved  for  antibodies  to 
bind  the  SND  on  MN.  Structure-based  rationales  have  also 
been  proposed  to  account  for  the  immunogenicity  of  long 
V3  peptides  (77,  27,  56).  Various  NMR  studies  show  that 
long  V3  peptides  stabilize  structures  at  various  positions  in 
aqueous  solutions  at  5  °C  (27,  56,  77).  It  has  been  suggested 
from  models  based  on  NMR  data  that  the  C4-V3  MN 
peptide  stabilizes  a  contiguous  apolar  surface  at  I1—H2— 
13— G4— P5  (our  numbering)  and  noted  that  this  structure 
correlates  with  neutralizing  activity  against  MN  (27).  Long 
V3  peptides  also  stabilize  /?-tums  at  GPGR  (77,  27,  56,  77) 
that  have  been  proposed  to  account  for  V3  peptide  immu¬ 
nogenicity  (77,  56).  Evidence  for  a  /3-tum  at  GPGR  was 
dependent  on  the  length  of  V3  peptides  (56,  77).  Many 
factors  including  peptide  length,  copeptide  (24,  27),  carbo¬ 
hydrate  (77),  or  conjugate  protein  (78)  could  alter  the  balance 
between  disorder  and  structure  that  in  turn  may  determine 
V3  peptide  immunogenicity. 

The  immunogenicity  of  loop  5  could  be  due  to  its  general 
loop  shape  and/or  the  stabilization  of  /?- turns  at  GPGR  and 
R(Aib)F(D-Ala).  This  compares  with  observations  that  MAbs 
58.2,  50.1,  and  59.1  bind  /?-tums  at  these  positions  and  also 
neutralize  MN.  However,  the  types  of  /J-tums  and  their 
relative  orientations  differ  for  the  MAb  bound  conformers 
(Table  2)  (27).  These  differences  occur  largely  at  GPGR 
suggesting  that  GPGR  is  flexible  enough  on  MN  to  accom¬ 
modate  these  differences.  This  apparent  flexibility  could  also 
account  for  why  P4  rgp  120-specific  antibodies  and  MAb  58.2 
neutralize  MN  with  similar  potencies  yet  show  wide  differ¬ 
ences  in  their  relative  affinities  for  loop  3  (Figure  3).  Loop 
3  is  less  flexible  at  PG  due  to  the  G6/D-Ala  substitution. 
Consequently,  it  could  be  used  to  distinguish  differences  in 
the  conformational  preferences  of  MAb  58.2  and  the  P4 
antibodies  for  this  position  (Figure  3).  PG  on  MN  is 
presumably  more  flexible  than  P(D-Ala)  on  loop  3  since  both 
the  P4  antibodies  and  MAb  58.2  neutralize  MN  with  similar 
potencies  although  they  presumably  bind  PG  on  MN  in 
different  conformations. 

It  can  be  questioned  as  to  whether  the  MAbs  58.2,  50.1, 
59.1,  and  the  P4  antibodies  complement  the  native  SND  as 
well  as  they  might.  Although  the  V3  MAbs  were  selected 
for  neutralizing  potency,  they  are  technically  antipeptide 
antibodies  that  in  general  are  not  anticipated  to  faithfully 
mirror  native  protein  structure.  If  this  were  the  case,  then 
one  might  expect  to  find  human  V3  MAbs  generated  to 
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native  conformations  that  fit  MN  better  and  are  more  potent. 
However,  MAb  50.1  (and  by  extrapolation,  the  similarly 
potent  MAb  58.2  and  P4  antibodies)  was  found  to  be  more 
potent  against  MN  (IC50  =  0.08  jugfmL)  than  many  V3 
human  MAbs  (IC50  =  0.05-5  pig! mL)  in  the  same  assay 
(39).  One  of  these  HuMAbs,  MAb  391/95-D  (29, 39),  binds 
the  same  MN  sequence  as  MAb  58.2  (42).  Thus  the  data 
suggest  that  GPGR  can  readily  undergo  conformational 
transition(s)  on  MN. 

Overall,  this  study  demonstrates  the  enormous  effect  that 
conformational  restriction  can  have  on  the  antigenicity  and 
immunogenicity  of  a  short,  synthetic  peptide.  It  shows  the 
stability  of  the  hydrazone  link  under  physiological  conditions 
and  the  effectiveness  of  the  loop-MAPS  at  generating  native 
protein  reactive  antibodies.  It  also  makes  evident  the 
simplifying  role  that  an  antibody  template  can  play  in  iden¬ 
tifying  and  improving  a  constrained  peptide  immunogen 
using  enhanced  affinity  as  a  measure  of  fit.  The  hydrazone 
link  could  find  wider  use  since  it  can  constrain  peptides  to 
a-helices  (19)  as  well  as  loops  that  are  among  the  more 
commonly  found  substructures  on  protein  surfaces.  The 
effectiveness  of  an  HIV-1  vaccine  will  likely  depend  on  the 
degree  to  which  it  can  generate  immune  responses  to 
neutralizing  epitopes  defined  by  constant  amino  acids  while 
excluding  dependence  on  variable  amino  acids.  Constrained 
peptides  provide  a  means  for  focusing  antibodies  on  defined 
epitopes.  A  continuing  use  of  constrained  peptides  can  be 
expected  to  lead  to  improved  strategies  and  further  perspec¬ 
tives  on  synthetic  and  HIV-1  vaccine  research. 
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of  600  MHz  2D  ROESY  spectra  for  loops  5  and  7  at  pH 
5.0,  10  °C.  This  information  is  available  free  of  charge  via 
the  Internet  at  http:/pubs.acs.org. 
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Dual  conformations  for  the  HIV-1  gp120  V3  loop  in  complexes 
with  different  neutralizing  Fabs 
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Background:  The  third  hypervariable  (V3)  loop  of  HIV-1  gpl  20  has  been 
termed  the  principal  neutralizing  determinant  (PND)  of  the  virus  and  is  involved 
in  many  aspects  of  virus  infectivity.  The  V3  loop  is  required  for  viral  entry  into 
the  cell  via  membrane  fusion  and  is  believed  to  interact  with  cell  surface 
chemokine  receptors  on  T  cells  and  macrophages.  Sequence  changes  in  V3 
can  affect  chemokine  receptor  usage,  and  can,  therefore,  modulate  which  types 
of  cells  are  infected.  Antibodies  raised  against  peptides  with  V3  sequences  can 
neutralize  laboratory-adapted  strains  of  the  virus  and  inhibit  syncytia  formation. 
Fab  fragments  of  these  neutralizing  antibodies  in  complex  with  V3  loop 
peptides  have  been  studied  by  X-ray  crystallography  to  determine  the 
conformation  of  the  V3  loop. 

Results:  We  have  determined  three  crystal  structures  of  Fab  58.2,  a  broadly 
neutralizing  antibody,  in  complex  with  one  linear  and  two  cyclic  peptides  the 
amino  acid  sequence  of  which  comes  from  the  MN  isolate  of  the  gpl  20  V3 
loop.  Although  the  peptide  conformations  are  very  similar  for  the  linear  and 
cyclic  forms,  they  differ  from  that  seen  for  the  identical  peptide  bound  to  a 
different  broadly  neutralizing  antibody,  Fab  59.1 ,  and  for  a  similar  peptide 
bound  to  the  MN-specific  Fab  50.1 .  The  conformational  difference  in  the  * 
peptide  is  localized  around  residues  Gly-Pro-Gly-Arg,  which  are  highly 
conserved  in  different  HIV-1  isolates  and  are  predicted  to  adopt  a  type  II  p  turn. 
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Conclusions:  The  V3  loop  can  adopt  at  least  two  different  conformations  for 
the  highly  conserved  Gly-Pro-Gly-Arg  sequence  at  the  tip  of  the  loop.  Thus,  the 
HIV-1  V3  loop  has  some  inherent  conformational  flexibility  that  may  relate  to  its 
biological  function. 
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introduction 

Human  immunodeficiency  virus  1  (HIV-1)  is  a  member  of 
the  lentivirus  subfamily  of  retroviruses.  The  exterior  of 
the  membrane-enveloped  virus  is  embedded  with  multi¬ 
ple  copies  of  the  proteins  gpl 20  and  gp41,  which  are  syn¬ 
thesized  as  a  single  protein  precursor  (gpl60)  and  then 
cleaved,  but  remain  in  a  noncovalent  association  on  the 
membrane  surface  [1].  These  viral  antigens  have  been 
implicated  in  viral  cell  entry;  gpl20  binds  to  CD4  and 
then  to  at  least  one  other  coreceptor  on  the  cell  surface, 
before  gp41-mediated  fusion  of  the  viral  and  target  cell 
membranes.  Recently,  several  P-chemokine  receptors  have 
been  implicated  as  the  viral  secondary  receptors,  with 
CXGR4  serving  as  the  primary  coreceptor  for  T-cell  tropic 
(T-tropic)  or  T-cell  line  adapted  (TCLA)  syncytia-induc¬ 
ing  (SI)  isolates  and  CCR5  serving  as  the  major  coreceptor 
for  macrophage-tropic  (M-tropic)  nonsyncytia-inducing 
(NSI)  isolates  (for  reviews,  see  [2,3])-  Viruses  that  require 
CXCR4  for  their  coreceptors  are  termed  ‘X4’  viruses, 
whereas  viruses  that  require  CCR5  are  termed  ‘R5’  viruses. 


Dual  tropic  viral  strains  have  been  identified  that  can  use 
both  coreceptors  and,  thus,  are  termed  R5X4  viruses;  some 
alternative  coreceptors  have  also  been  identified  that  can 
be  used  by  the  virus  to  enter  cells. 

The  third  hypervariable  (V3)  domain  of  gpl 20  is  a  disul¬ 
fide-linked  loop  of  approximately  40  amino  acids  with  a 
high  degree  of  sequence  diversity  among  different  viral  iso¬ 
lates  [4-6].  The  V3  loop  is  one  of  the  major  immunogenic 
sites  on  the  virus  and  is  sometimes  called  the  principal  neu¬ 
tralizing  determinant  (PND)  [7].  The  accessibility  or  expo¬ 
sure  of  the  V3  loop  on  gpl20  appears  to  vary  depending  on 
viral  isolate  type  and  increases  significantly  when  the  virus 
interacts  with  GD4  through  a  conformational  change  that  is 
triggered  in  gpl20  [8,9].  The  V3  loop  then  becomes  more 
sensitive  to  neutralizing  antibodies  and  proteases  as  a  result 
of  the  gpl20-CD4  interaction.  Sequence  changes  in  V3 
can  alter  viral  cell  tropism  [10,11],  antibody  neutralization 
[12-14],  neutralization  of  soluble  GD4  [15],  syncytium  for¬ 
mation  [11,16]  and  chemokine  receptor  usage  [17].  It  has 
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been  noted  that  T-tropic  V3  sequences  are  usually  more 
basic  in  charge  than  M-tropic  sequences  through  accumula¬ 
tion  of  positively  charged  residues  in  regions  on  either  side 
of  the  GPGR  tip  of  the  loop  [18,19].  As  no  easily  discern- 
able  pattern  relates  specific  changes  in  V3  residues  to  phe- . 
notypic  changes,  it  is  likely  that  conformational  variations  in 
gpl20  and  the  V3  loop  that  arise  from  particular  V3  loop 
sequences  could  modulate  gpl20  function.  Although  the 
crystal  structure  of  a  ternary  complex  between  gpl20,  CD4 
and  an  antibody  Fab  fragment  has  at  last  been  determined 
[20-22],  the  gpl20  was  modified  by  removing  several  loops 
including  V3.  Thus,  the  paucity  of  structural  information  on 
the  V3  loop  still  needs  to  be  addressed. 

In  early  work  by  La  Rosa  et  al.  [4-6],  an  analysis  of  245  dif¬ 
ferent  HIV-1  V3  loop  sequences  showed  that  some  amino 
acid  positions  in  the  loop  are  highly  variable  in  amino  acid 
composition,  whereas  others,  especially  those  near  the  tip  of 
the  loop,  are  highly  conserved;  for  example,  examination  of 
the  MN  sequence  IHIGPGRAFY  reveals  that  these  amino 
acids  are  found  at  their  respective  positions  in  94,  47,  82,  98, 
95,  98,  91,  83,  72  and  80%  of  the  other  244  isolates.  The 
GPGR  sequence  is  highly  conserved  in  all  known  sequences 
of  subtype  B,  whereas  other  group  M  isolates  are  character¬ 
ized  by  the  highly  related  GPGQ  sequence  at  this  position. 
The  high  degree  of  conservation  of  some  of  these  amino 
acid  positions  suggests  that  they  have  a  key  structural  and 
functional  role  and  are  important  in  some  aspect  of  virus 
infectivity,  such  as  modulation  of  the  conformation  of  the 
V3  loop,  or  for  modulating  the  interaction  with  coreceptor. 
The  LaRosa  et  al.  study  [4-6]  also  predicted  the  secondary 
structure  for  their  V3  consensus  sequence  (CTRPNNNT- 
RKSIHIGPGRAFYTTGEIIGDIRQAHC)  to  consist  of  an 
extended  P  strand,  a  type  II  p  turn  around  residues  GPGR, 
a  p  strand  and  then  an  a  helix.  This  secondary  structural 
prediction  was  carried  out  for  all  245  sequences,  with  93% 
predicted  to  have  the  extended  p  strand  around  residues 
SIHI  and  66%  predicted  to  have  the  short  helix  at  residues 
DIRQ.  Pro,  Gly  and  Arg  are  the  most  commonly  found 
residues  in  positions  i+1,  i+2  and  i+3  of  a  type  II  p  turn, 
whereas  Gin  is  the  second  most  commonly  found  residue  at 
position  i+3  [23]. 

We  have  been  investigating  several  HIV-1  neutralizing 
antibodies  and  their  complexes  with  V3  peptides  in  order  to 
determine  the  tertiary  conformation  of  the  V3  loop  and  to 
understand  why  some  antibodies  are  viral-specific  while 
others  recognize  many  different  viral  strains.  These  neutral¬ 
izing  antibodies  recognize  the  V3  epitope  as  a  free  peptide 
in  the  soluble  gp!20  protein  and  on  the  intact  HIV-1  virus. 
Knowledge  of  the  conformation  of  this  loop  may  help  to 
explain  coreceptor  usage  and  the  changes  that  take  place  in 
the  virus  upon  conversion  from  a  primary  M-tropic  isolate  to 
the  T-tropic  strains  associated  with  disease  progression.  A 
panel  of  antibodies,  which  were  raised  against  the  same  40 
amino  acid  V3  peptide  RP70  [24]  (Figure  1),  neutralize  the 


Figure  1 


Sequences  of  the  V3  loop  peptides  used  in  crystallization  of  the 
peptide-Fab  complexes.  Fabs  58.2,  50.1  and  59.1  were  all  raised 
against  the  40  amino  acid,  disulfide-linked  peptide  RP70,  which  has 
the  MN  viral  sequence.  A  disulfide  bond  links  the  two  cysteine 
residues  as  shown.  Aibl  42  is  the  linear  peptide  crystallized  with  both 
58.2  and  59.1 .  The  Aib  residue  in  peptide  Aibl  42  is  an  a- 
aminoisobutyric  acid  [NHC(CH3)2C(0)]  and  replaces  an  Ala  residue  in 
the  original  sequence.  The  His  loop  and  Ser  loop  cyclic  peptides  are 
constrained  with  a  hydrazone  linkage  between  residues  J  and  Z,  as 
shown  in  detail  at  the  bottom  of  the  figure.  In  the  crystal  structure  of 
these  cyclic  peptides,  the  first  residue  (J)  is  referred  to  as  Arnpi,  and 
consists  of  atoms  N-CH-CH2-CH2-CH2-C-0.  The  second  residue  is 
then  His/SerP3!5,  the  third  residue  is  lie*331®  and  so  on.  The  last 
naturally  occurring  residue  is  Phe^24  which  is  then  followed  by  Glyp1°, 
GlyP11(Z)  and  G!yP12.  The  N  atoms  of  ArnP1  and  Glyp11  are  connected 
by  the  hydrazone  linkage. 


virus  by  preventing  viral-cell  membrane  fusion.  It  has  long 
been  thought  that  these  and  other  V3-specific  antibodies 
do  not  interfere  with  CD4  binding.  Recent  studies  using 
intact  viral  particles  rather  than  soluble  monomeric  gpl20, 
however,  indicate  that  V3  neutralizing  antibodies  may  also 
prevent  the  binding  of  HIV-1  to  CD4+  human  cells  [25], 

Previously,  we  have  reported  the  structures  of  two  anti¬ 
body  Fab  fragments,  50.1  and  59.1,  in  complex  with  V3 
peptides  [26-29].  Fab  50.1  is  reported  to  be  highly  spe¬ 
cific  for  the  MN  viral  strain  (T-tropic,  SI),  whereas  59.1  is' 
reported  to  strongly  neutralize  IIIB  (T-tropic,  SI)  and 
weakly  neutralize  MN  [24].  The  X-ray  structures  for  V3 
peptides  in  complex  with  Fabs  50.1  and  59.1  agreed  well 
with  the  La  Rosa  et  al.  [4—6]  predictions  up  to  the  con¬ 
served  GPGR  tip  of  the  loop.  In  the  50.1-peptide  complex, 
eight  amino  acid  residues  were  ordered  in  the  antibody 
combining  site  (CKRIHIGPG).  Residues  CKRIHI  were 
in  an  extended  p  conformation  with  the  two  lie  residues 
buried  in  tightly  fitting  hydrophobic  pockets  in  the  anti¬ 
body  combining  site  and  the  GPG  forming  the  start  of 
a  turn.  The  first  Gly  residue  had  torsion  angles  in  the 
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epsilon  (e)  region  of  Ramachandran  space,  a  region  usually 
only  available  to  Gly  residues,  centered  around  <j>  =  90° 
and  \|f=  180°.  The  PG  had  torsion  angles  appropriate  for 
a  type  II  p  turn.  In  the  59.1-peptide  complex,  10  amino 
acid  residues  were  visible  (HIGPGRAFYT).  Five  of  these 
residues  had  structural  counterparts  in  the  peptide  from 
the  50.1  complex  (HIGPG),  and  displayed  very  similar 
mainchain  torsion  angles.  Following  the  type  II  P  turn 
around  GPGR,  we  observed  a  double  bend  consisting  of 
a  type  I  turn  for  residues  GRAF  (in  [28],  this  turn  is 
referred  to  as  type  III;  the  type  III  turn  is  a  variant  of  the 
type  I  turn  and  is  usually  classified  as  type  I)  and  a 
t>  pe  I  turn  around  RAFY.  The  sidechain  of  the  Arg  residue 
is  bound  in  a  deep,  negatively  charged  pocket  on  the  anti¬ 
body  surface. 

The  individual  peptide  structures  from  the  50.1  and  59.1 
complexes  could  be  pieced  or  spliced  together  to  make  a 
more  complete  model  for  a  13-residue  section  of  the  V3 
loop  [29]  that  included  the  GPGR  tip.  Contrary  to  the 
previous  predictions  [4-6]  of  a  single  tight  turn  around 
GPGR,  a  much*  broader  double  turn  was  found  that  con¬ 
sisted  of  a  type  II  turn  around  GPGR  and  a  double  bend 
(type  I,  GRAF;  type  I,  RAFY)  around  GRAFY.  The  Ala 
residue  in  the  double  bend  had  a-helical  torsion  angles  of 
§  =  -60°,  \| /  =  -45°,  similar  to  one  of  the  two  preferred  con¬ 
formations  for  the  conformationally  restricted  residue 
Aib  [oc-aminoisobutyryl  residue  -NHC(CH3)2C(0)],  which 
normally  adopts  torsion  angles  of  -57°, ■ -47°  or  +57°, +47° 
[30,31].  We  surmised  that  replacement  of  the  Ala  residue 
with  an  Aib  residue  could  constrain  the  peptide  and 
provide  a  more  rigid  scaffold  for  vaccine  or  drug  design 
around  this  template.  Nuclear  magnetic  resonance  (NMR) 
studies  of  such  an  Aib-containing  peptide  confirmed  that 
additional  structure  was  indeed  conferred  on  the  peptide 
in  aqueous  solution  [29];  the  X-ray  structure  determina¬ 
tion  of  Fab  59.1  with  the  Aib-containing  peptide  showed 
that  the  Aib  residue  made  no  significant  changes  to  the 
peptide  conformation,  as  expected  [29].  The  Aib  residue 
was  not  necessary  for  binding  or  for  crystallization,  as  Fab 
59.1  could  be  crystallized  isomorphously  with  peptides 
that  were  identical  except  for  the  Ala->Aib  mutation. 
Another  attempt  to  restrict  conformation  of  the  V3  pep¬ 
tides  involved  using  a  synthetic  hydrogen  bond  mimic  incor¬ 
porating  a  hydrazone  bond.  These  hydrogen  bond  mimics 
are  designed  to  replace  a  CO-HN  hydrogen  bond  within  a 
(3-hairpin  structure,  thus  cyclizing  the  peptide  into  a  con¬ 
strained  hairpin  structure. 

Here,  we  describe  the  crystal  structure  of  Fab  58.2,  a 
highly  potent  and  broadly  neutralizing  antibody  that  has 
been  reported  to  neutralize  both  T-tropic  and  M-tropic 
viral  strains,  as  well  as  several  strains  that  have  been  pas¬ 
saged  only  once  or  twice  [24].  We  report  the  structures  for 
Fab  58.2  in  complex  with  one  linear  Aib-containing  peptide 
and  two  cyclic,  constrained  peptides. 


Results  and  discussion 

Structure  determination  and  refinement 

The  crystal  structures  for  Fab  58.2  in  complex  with  one 
linear  (Aibl42;  Figure  1)  and  two  hydrazone-linked  cyclic 
peptides  (His^loop,  Ser  loop;  Figure  1)  have  been  deter¬ 
mined  to  2.0  A  (Aibl42)  and  2.8  A  (His  loop  and  Ser  loop). 
Data  collection  and  refinement  statistics  are  summarized  in 
Table  1.  All  structures  were  determined  by  the  molecular 
replacement  (MR)  method  using  previously  determined 
Fab  structures  (see  Materials  and  methods  section).  The 
crystals  of  the  two  Fab-cyclic  peptide  complexes  were  iso- 
morphous,  as  a  result  of  only  a  single  amino  acid  difference 
in  their  peptides  (His315— >Ser).  All  structures  were  refined 
with  the  X-PLOR  simulated  annealing  refinement  proto¬ 
col  [32],  using  the  Engh  and  Huber  parameter  set  [33]  and 
a  bulk-solvent  correction.  The  Fab  molecules  are  num¬ 
bered  according  to  standard  convention  [34]  with  light  and 
heavy  chain  identifiers  L  and  H,  respectively.  The  pep¬ 
tides  are  numbered  according  to  the  BH10  isolate 
sequence  [35]  with  a  P  chain  identifier  (RP313  IP314  HP315 
!P316  GP319  PP320  GP3“i  RP322  AP323  FP324  YP323).  Note  that  the 
sequential  numbering  system  is  interrupted  due  to  a  two 
amino  acid  insert,  after  P316,  that  occurs  in  the  IIIB  isolate. 
The  Fab  58.2-Aibl42  coordinates  contain  Fab  residues 
L1-L2I2,  H1-H230  and  peptide  residues  P313-P325 
(11  residues).  The  Fab  58.2-His-loop  coordinates  contain 
Fab  residues  L1-L212,  H1-H230  and  the  cyclic  peptide 
with  the  complete  hydrazone  linker  (P1-P12;  see  Figure  1). 
The  Fab  58.2-Ser-loop  coordinates  contain  Fab  residues 
L1-L211,  H1-H230  and  the  cyclic  peptide  minus  the 
hydrazone  linker  (P2-P12). 

The  Fab-Aibl42  peptide  complex  structure  (Figure  2a) 
was  determined  to  2.0  A  resolution.  Analysis  of  the 
Ramachandran  plot  by  PROCHECK  [36]  shows  that  89% 
of  the  residues  are  in  most  favored  positions  with  three 
residues  in  disallowed  regions.  These  ‘disallowed’  residues 
include  two  residues  in  a  disordered  loop  in  the  constant 
heavy  chain  (residues  H128-H136),  which  almost  always 
displays  high  displacement  parameters  in  other  antibody 
structure  determinations  [37]  and  residue  AlaLS1  (<j)  =  69°, 
\|/  =  -53°),  which  is  the  i+2  residue  in  a  distorted  type  I' 
turn  in  most  Fab  L2  complementary  determining  region 
(CDR)  loops  [38]. 

Two  Fab-cyclic  peptide  structures  (Figure  2b,c)  were 
determined,  both  to  2.8  A  resolution.  These  structures 
differ  at  only  one  residue,  in  the  peptide  (Figure  1).  The 
Rfree  was  not  monitored  during  the  Ser  loop  refinement  as 
this  particular  structure  was  determined  prior  to  the  intro¬ 
duction  of  the  Rfree  validator.  Only  one  bound  water  was 
included  in  each  model  due  to  the  moderate  resolution. 
Ramachandran  plot  analysis  of  the  His  loop  complex  by 
PROCHECK  [36]  shows  that  81%  of  the  residues  are  in 
most  favored  positions,  with  three  residues  in  disallowed 
regions  (two  residues  from  the  H128-H136  loop  and  AlaL51). 
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Table  1 


X-ray  diffraction  data  and  refinement  statistics  for  Fab  58.2  complexes. 

Peptide 

Aib142 

His  loop 

Ser  loop 

Space  group 

C2 

P2,2,2 

P2,2,2 

Unit  cell  (A) 

72.9,71.9,  88.2 
|3  =  98.3° 

96.1,  114.7,  49.5 

95.5,  115.5,  49.6 

Number  of  crystals 

3 

1 

1 

Resolution  (A) 

43.6-2.0 

24.0-2.8 

47.8-2.8 

Last  shell  (A) 

2.05-2.0 

3.02-2.8 

2.98-2.8 

Observations 

183,103(9505) 

44,763  (4678) 

47,266  (9337) 

Unique  reflections 

30,460  (2014) 

1 2,923  (2287) 

13,951  (2259) 

Rme,3e<%)/RsyJ%> 

10.6  (54.7) 

7.6  (28.8) 

7.2  (21.8) 

Completeness  (%) 

99.6  (98.5) 

91.9  (82.8) 

98.9  (97.7) 

<a/G!> 

29.5  (3.4) 

7.5  (1.0) 

13.2  (1.5) 

Generator 

Siemens  Ml  8X;  Rigaku  RU-300 

Rigaku  RU-200 

Siemens  M18X 

Optics 

Supper  long  mirrors;  monochromator 

Monochromator 

Supper  double  mirrors 

Detector 

Mar  30  cm;  R-axis  II 

Xuong-Hamlin  multiwire 

Siemens  XI 000 

Data  reduction  program 

HKL  [81] 

Xuong-Hamlin  [82] 

XENGEN  [83] 

R^s,  (%)* 

19.6  (31.8) 

18.5  (27.6) 

20.0  (37.7) 

R,, ..(%)* 

Rmsd  bond  lengths  (A) 

25.6  (38.2) 

30.5  (36.6) 

- 

0.010 

0.012 

0.008 

Rmsd  bond  angles  (°) 

1.82 

1.87 

1.59 

Number  of  water  molecules 

120 

.1 

1 

Values  given  in  parentheses  are  for  the  highest  resolution  shell. 

*Rayst  =  Xh  I  I  Fobs(h)  I  - 1  Fc(h)  I  |/xj  Fobs(h)  I,  where  Fobs  and  Fc  are 
the  observed  and  calculated  structure-factor  amplitudes  for  reflection 
h  =  (h,k,l).  +Rfree  is  calculated  with  1 0%  (5%  for  the  His  loop-Fab 


complex)  of  the  data  never  used  in  the  refinement.  Rfree  was  not 
calculated  for  the  Ser  loop  complex.  The  RCfyst  and  Rfree  are  calculated 
using  all  data  with  F/gf>0.  A  bulk-solvent  correction  as  implemented  in 
X-PLOR  [72]  was  applied  to  all  data  sets. 


The  Ser  loop  complex  has  87%  of  the  residues  in  most 
favored  regions  with  five  residues  in  disallowed  regions 
(two  in  the  H128-H136  loop,  the  C-terminal  residue  of  the 
heavy  chain,  AlaL51  and  LysH64,  which  is  the  i+1  residue  of 
a  type  II'  turn). 

Structure  description  and  comparisons 

Fab  58.2  is  a  mouse  IgGl  k  antibody.  The  elbow  angles  for 
Fab  58.2  are  174.3°,  144.8°  and  144.3°  in  the  Aibl42,  His 
loop  and  Ser  loop  complexes,  respectively.  The  58.2  CDR 
loops  LI,  L2,  L3  and  H2  belong  to  canonical  classes  5,  1,  1 
and  1,  as  classified  previously  [39,40].  The  58.2  HI  CDR 
loop  has  a  one  amino  acid  insert  following  residue  35  and  so 
should  belong  to  canonical  class  2.  Other  Fabs  with  HI 
loops  of  this  length  are  AN02  (PDB  accession  code  lbaf; 
[41])  and  N10  (lnsn;  [42]);  however,  the  HI  loops  in  both 
58.2  and  N10  differ  from  the  expected  canonical  structure 
around  several  residues  at  their  tips  and  also  differ  in  this 
region  from  each  other  (Figure  3).  Not  surprisingly,  a  ten¬ 
dency  for  an  increase  in  flexibility  is  seen  as  the  HI  loop 
increases  in  length.  Fab  58.2  has  a  long  CDR  H3  with  a 
nine  amino  acid  insert  after  residue  100.  Previously  deter¬ 
mined  structures  with  H3  loops  of  this  length  include  KOL, 
3D6  and  R45-45-11  (accession  codes  2fb4  [43],  ldfb  [44] 
and  likf  [45],  respectively).  The  conformation  of  the  base 
of  the  H3  loop  is  dictated  by  residues  AIaH93,  ArgH94  and 
AspHI°l.  This  combination  of  residues  results  in  a  ‘kinked’ 
base  structure,  as  expected  [39,46],  with  the  sidechain  of 


AspHI01  forming  a  salt  bridge  with  ArgH94  and  the  mainchain 
carbonyl  oxygen  of  FI  1001  (the  residue  preceding  H101) 
forming  a  hydrogen  bond  to  TrpH!03  Nel. 

The  linear  Aibl42  peptide  is  24  amino  acids  with  an  Aib 
residue  replacing  AIap323  (Figure  1).  Electron  density  is 
clearly  visible  for  11  of  the  24  residues,  RIHIGPGRAibFY 
(Figure  4a, b).  The  peptide  has  an  extended  conformation 
for  residues  RIHI,  which  connect  to  a  type  I  (aR->aR) 
turn  around  residues  GPGR.  A  type  Via  (pp  —»aR)  turn  is 
found  for  residues  GRAibF  and  a  type  I  turn  is  found 
around  residues  RAibFY,  making  residues  GRAibFY  a 
double  bend.  Residue  ArgP322  is  bound  in  a  deep  pocket 
in  a  highly  negatively  charged  antibody  combining  site 
(Figure  5a),  forming  charge-charge  interactions  with 
residues  AspL94  and  GluH95  (Figure  5b).  The  bound  por¬ 
tions  of  the  cyclic  peptides  have  a  very  similar  conforma¬ 
tion  to  the  bound  portions  of  the  linear  peptide.  Clear 
electron  density  is  present  for  most  of  the  cyclic  peptides, 
with  a  small  break  in  density  around  the  hydrazone  linker 
in  the  His  loop  complex,  and  weak  density  for  the  linker 
in  the  Ser  loop  complex  (Figure  4c, d).  The  hydrazone 
linker  has  been  left  out  of  the  Ser  loop  model  because  of 
its  weak  electron  density. 

The  three  peptides  bind  to  the  antibody  in  virtually 
identical  orientations,  with  the  peptide  lying  flat  on  the 
Fab  surface  and  residue  ArgP322  protruding  into  a  deep, 


Figure  2 


Stereoviews  of  the  X-ray  structures  of  the  Fab 

58.2- peptide  complexes,  (a)  The  Fab 

58.2- Aib142  complex.  The  Ca  trace  is 
shown  for  the  light  chain  (cyan)  and  heavy 
chain  (blue)  of  the  Fab.  All  atoms  of  the  bound 
peptide  are  shown  in  red.  Every  tenth  Ca 
atom  is  highlighted  with  a  sphere  and  some 
atoms  are  labeled,  (b)  The  Fab  58.2-His  loop 
complex,  (c)  The  Fab  58.2-Ser  loop  complex. 
Figures  were  made  with  the  program 
MOLSCRIPT  [74]. 
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Figure  3 


Comparison  of  the  conformation  of  the  HI  loops  of  Fabs  58.2  (red), 
N1 0  (yellow)  and  AN02  (blue).  The  coordinates  of  Fabs  N1 0  and 
AN02  were  obtained  from  the  Protein  Data  Bank  (accession  codes 
1  nsn  and  1  baf,  respectively). 


negatively  charged  pocket  on  the  Fab  surface  (Figure  5a). 
The  surface  area  [47]  buried  by  the  peptide  on  the  Fab  is 


666,  609  and  597  A2  for  the  Aibl42,  His  loop  and  Ser  loop 
peptides,  respectively.  The  corresponding  buried  surface 
area  on  the  peptides  is  578,  540  and  487  A2 .  The  Fab  uses 
five  of  its  six  CDR  loops  to  bind  peptide;  CDR  L2  is  not 
used  and  CDR  HI  makes  only  minor  contacts.  This 
pattern  of  CDR  usage  is  typical  for  antihapten  and  anti¬ 
peptide  antibodies  [48].  A  total  of  124,  103  and  77  van  der 
Waals  contacts  are  made  between  the  Fab  and  peptide  for 
the  Aibl42,  His  loop  and  Ser  loop  complexes,  respectively 
(Table  2).  In  each  complex,  charge-charge  interactions  are 
found  between  ArgP322  of  the  peptide  and  AspL94  and 
GluH9S  of  the  Fab  (Table  3).  In  the  Aibl42  peptide,  an 
additional  charge-charge  interaction  is  made  between 
ArgP3U  ancj  AspL28.  A  total  of  11,  7  and  7  hydrogen  bonds 
and  salt  bridge  interactions  are  made  between  the  pep¬ 
tides  and  Fab  in  the  Aibl42,  His  loop  and  Ser  loop  com¬ 
plexes,  respectively  (Table  3).  The  size  and  features  of 
this  interaction  surface  are  similar  to  those  of  other  Fab- 
peptide  complex  structures  [49].  The  Fab  conformations 
are  very  similar  between  the  different  complexes  as  shown 
by  the  small  differences  in  VL-VH  pairings  (less  than  1.4°) 
between  the  complexes  and  the  root  mean  square  devi¬ 
ations  (rmsds)  for  the  individual  domains,  which  range 
from  0.31  A  to  1.20  A.  One  loop  in  the  constant  heavy 
chain  (H128-H136),  which  frequently  shows  high  thermal 
displacement  parameters  in  Fab  crystal  structures  [37], 
accounts  for  the  high  rmsds  (0.83-1.20  A)  for  the  CH1 
regions.  Removal  of  this  loop  from  rmsd  calculations 
results  in  rmsds  of  0.61-0.72  A. 


Figure  4 


Electron  density  for  the  V3  peptides  bound  to 
Fab  58.2.  (a)  In  the  electron  density  for  the 
58.2-Aibl  42  complex,  1 1  residues  of  the  24* 
mer  peptide  Aib142  are  visible.  The  simulated 
annealing  (SA)  omit  electron-density  map  for 
peptide  Aibl  42  is  shown  for  the  region 
around  residues  GPGR,  which  form  a  type  ! 
p  turn,  (b)  SA  omit  electron  density  for 
peptide  Aibl  42  showing  the  region  around 
residues  RAibFY.  (c)  SA  omit  electron  density 
for  the  His  loop  peptide,  (d)  SA  omit  electron 
density  for  the  Ser  loop  peptide.  The 
hydrazone  linker  was  not  included  in  this 
model  due  to  weak  electron  density;  the 
approximate  position  of  the  linker  is  indicated 
by  a  dotted  line.  All  maps  are  contoured  at  a 
la  level.  Figures  were  made  with 
BOBSCRIPT  [75]  and  Raster3D  [76,77]. 
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Figure  5 


The  Fab  58.2  binding  pocket  with  the  Aibl  42 
peptide  bound,  (a)  GRASP  [78] 
representation  of  the  antibody  combining  site 
with  Aibl  42  peptide  bound.  Negatively 
charged  regions  are  colored  in  red  and 
positively  charged  regions  are  colored  in  blue, 
(b)  Stereoview  of  the  combining  site.  The 
contacting  residues  of  the  light  and  heavy 
chains  are  shown  in  cyan  and  blue, 
respectively;  the  peptide  is  in  yellow. 


Although  the  resolution  of  the  His  loop  and  Ser  loop  struc¬ 
tures  is  insufficient  to  allow  accurate  placement  of  ordered 
water  molecules,  one  strong  peak  of  density  in  the  Fab 
binding  site  of  all  three  structures  was  assigned  as  a  water 
position.  Additionally,  120  water  molecules  were  included 
in  the  2.0  A  resolution  refinement  of  the  Aibl42  complex. 
Six  of  these  water  molecules  are  found  buried  at  the 
Fab-peptide  interface  (W12,  W41,  W62,  W67,  W72,  W84). 

The  conclusions  from  epitope  mapping  experiments  of 
antibody  58.2  agree  well  with  the  structural  results.  The 
epitope  specificity  for  58.2  was  determined  previously  by 
screening  a  peptide  display  library"  expressing  1.5  x10s 
unique  20  amino  acid  peptide  sequences  against  58.2  [50]. 
as  well  as  by  epitope  mapping,  where  266  unique  14-mer 
peptides  were  prepared,  with  each  amino  acid  position 
replaced  with  all  amino  acids  (except  Cys)  (peptide  KRKR- 
IHIGPGRAFY)  [50].  Residues  KRKRI  (P310-P314)  could 
be  replaced  by  most  of  the  other  amino  acids,  indicating 
that  they  are  not  important  for  peptide  binding  to  Fab  58.2. 


HisP315  could  be  replaced  with  any  amino  acid  except  Gly, 
Pro  and  Thr.  1 1  e 1 6  could  only  be  replaced  with  Glu,  Leu, 
Met  and  Val.  GlyP319  could  not  be  replaced  by  any  other 
amino  acid.  ProP32°  could  only  be  replaced  by  lie.  The 
second  GIyP321  was  not  so  important,  as  it  could  be  replaced 
with  all  amino  acids  except  lie,  Pro,  Ser,  Thr,  Val  and  Trp. 
Argp322  could  not  be  substituted,  whereas  Alap323  could  be 
replaced  with  any  amino  acid  except  Pro.  The  Phep324 
could  be  replaced  with  Asp,  He,  Lys,  Gin,  Arg,  Ser,  Thr,  Val 
and  Trp.  These  epitope  mapping  results  indicate  that 
residues  Glyp319,  ProP32°  and  Argp322  are  especially  impor¬ 
tant  for  antibody  binding,  in  agreement  with  the  crystal 
structure  that  shows  that  Argp322  forms  a  charge-charge 
interaction  with  the  Fab  and  residues  GlyP319  and  Prop32° 
are  critical  for  determining  the  conformation  of  the  tip  of 
the  V3  loop.  Residue  GlyP319,  which  of  course  is  a  highly 
conformationally  flexible  residue,  may  also  be  important  for 
allowing  the  loop  to  adjust  to  more  than  one  distinct  confor¬ 
mation.  GlyP321,  the  i+2  residue  in  the  type  I  (3  turn  of  the 
peptide  in  the  58.2-peptide  complexes,  is  not  absolutely 
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Table  2 


Van  der  Waals  contacts  between  Fab  58.2  and  bound  peptides.* 


Peptide  residue 

In  all  complexes 

Aib142 

His  loop 

Ser  loop 

ArgP313 

HisP®16/Serra« 

-JyrHIOOE 

AspL28AlaH100DTyrH100E 

7yrHl00EjyrHl00G 

AspL28AlaL3°  PheL32 

AspL2S  Ala130  PheL32TyrH,0° 

||eP316 

PheL32  TyrH33 

T y  rH  1 00  A|aH1 00D  1*yrH1  OOFjyfH  1 00G 

*JyrHl00G 

PheL27D  TyrHl°°G 

QlyP31 9 

PheL32  His192 

SerL91 

SerL91 

ProPsso 

G|yP321 

Argp322 

Phe1270  HisL92 

His192  GluL93  AspL94 

SerL9'  GluL93AspL94LeuL96GluH95 

HisH35aTyrH5° 

JyrH50 

AlaP323/AibP323 

Asp194 

TyrH50AsnH58 

AsnH58 

PheP324 

TyrH50  HisH52  GlyH56  ThrH57 

TyrH33SerH54 

XyrH33 

TyrP325/G|yPlO 

Phel27D 

TyrH33HisH52 

TyrH33  HisH52 

GlyP1 1 

JyrH53 

Van  der  Waals  contacts  were  calculated  with  the  program  CONTACSYM  [84]  using  standard  van  der  Waals  radii  [85].  The  Fab  residues 
contacted  in  all  complexes  are  shown  first,  followed  by  additional  contacts  that  are  specific  to  the  individual  complexes. 


required,  in  agreement  with  the  diversity  of  residues  that 
are  found  at  the  i+2  position  of  type  I  turns  [23].  This 
result  contrasts  with  the  alanine  replacement  experiment 
on  peptide  binding  to  Fab  59.1  [24,28].  When  GlyP321  is 
replaced  by  an  Ala  residue,  the  affinity  of  Fab  59.1  for  the 
peptide  is  reduced  to  about  32%  of  that  of  the  native 
peptide,  in  good  agreement  for  the  strong  preference  for  a 
Gly  residue  at  the  i+2  position  of  a  type  II  turn  [23],  as 
found  in  the  59.1-peptide  complex. 

Two  different  V3  conformations 

The  most  notable  feature  of  the  V3  peptide  conformation 
while  bound  to  Fab  58.2  is  that  it  differs  from  the  two 
previously  determined  structures  for  the  same  or  similar 
peptide  in  complex  with  two  other  Fabs.  The  previously 
determined  V3  loop  structures  were  for  peptide  complexes 
with  Fab  50.1,  where  the  peptide  epitope  was  identified 

Table  3 


as  CKRIHIGPG,  and  with  Fab  59.1,  where  the  peptide 
epitope  was  HIGPGRAFYT.  The  three  antibodies  were 
all  generated  against  the  same  peptide  immunogen,  RP70 
[24]  (Figure  1).  The  five  residues  (HIGPG)  that  are  struc¬ 
turally  ordered  in  peptides  bound  to  both  Fabs  50.1  and 
59.1  could  be  superimposed  with  low  rmsds  (Figure  6) 
[28,29].  These  two  peptides  both  adopt  torsion  angles  for 
a  type  II  p  turn  around  residues  GPGR.  Thus,  it  was  sur¬ 
prising  to  observe  that  the  peptide  bound  to  Fab  58.2 
had  torsion  angles  for  a  type  I  p  turn  around  these  same 
residues.  The  mainchain  torsion  angles  for  these  four 
residues  (GPGR)  differ  significantly  between  the  two 
peptide-conformational  types.  The  residues  before  and 
after  the  GPGR  sequence,  however,  share  very  similar 
mainchain  torsion  angles  (Table  4).  The  second  P  turn, 
around  residues  GRAibF  (or  GRAF),  is  type  I  in  the  59.1 
complex  (type  I  [aR— >aR]  turns  have  average  torsion  angles 


Hydrogen  bonds  and  salt  bridge  interactions  (A)  in  Fab  58.2-peptide  complexes. 


Peptide  atom 

Fab  atom 

Aib142 

His  loop 

Ser  loop 

P313 

Arg 

NH2 

L28 

Asp 

OD2 

2.8 

P313 

Arg 

NH1 

L28 

Asp 

O 

3.2 

P313 

Arg 

0 

HlOOe 

Tyr 

N 

2.9 

P315 

His/Ser 

N 

HlOOe 

Tyr 

O 

2.7 

P315 

His/Ser 

ND1 

HlOOe 

Tyr 

0 

3.3 

P319 

Gly 

N 

L92 

His 

O 

3.0 

2.9 

3.1 

P321 

Gly 

O 

L94 

Asp 

N 

3.3 

3.3 

3.3 

P322 

Arg 

NE 

L94 

Asp 

OD1 

2.8 

2.9 

P322 

Arg 

NH2 

H95 

Glu 

OE1 

3.0 

2.8 

2.8 

P322 

Arg 

NH1 

H95 

Glu 

OE2 

2.9 

2.8 

3.0 

P323 

Aib/Ala 

N 

L94 

Asp 

OD2 

2.9 

3.1 

2.9 

P324 

Phe 

O 

H33 

Tyr 

OH 

2.8 

2.7 

P10 

Gly 

O 

H52 

His 

NE2 

3.0 

Hydrogen  bonds  were  calculated  with  HBPLUS  [86]. 
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Figure  6 


Dual  conformations  of  the  V3  loop.  The  peptides  bound  to  Fabs  50.1 , 

59.1  and  58.2  are  superimposed  using  the  Ca  atoms  of  residues  with 
similar  torsion  angles  (Table  4).  The  50.1  peptide  is  in  yellow,  the  59.1 
peptide  is  in  purple,  and  the  Aibl  42  and  His  loop  peptides  bound  to 

58.2  are  colored  in  blue  and  green,  respectively.  The  hydrazone 
linkage  in  the  His  loop  peptide  is  indicated  by  a  straight  connection.  All 
four  peptides  share  similar  mainchain  torsion  angles  for  residues  IHI 
and  AF,  the  residues  on  either  side  of  GPGR.  The  GPGR  region  in  the 
58.2  peptide  (type  I  turn)  differs  from  that  seen  in  the  50.1  and  59.1 
peptides  (type  II  turn).  Figure  made  with  the  program  MIDAS  [79,80], 


of  <|)  =  “60\  \|/  =  - 30°  and  (j)  =  -90°,  \\f  =  0°  for  the  i+1  and 
i+2  residues),  and  type  Via  in  the  58.2  complex  (type  Via 
[pp-+aR]  turns  have  average  torsion  angles  of  (j)  =  -60°, 
Y| /  -  120°  and  <|>  =  -90°,\|f  =  0°  for  the  i+1  and  i+2  residues) 
with  the  torsional  angles  of  residues  AFY  being  highly 
similar  in  all  peptide  complexes  (Table  4).  So,  the  pep¬ 
tides  bound  to  Fabs  59.1  and  58.2  both  contain  a  p  turn 
followed  by  a  double  bend,  but  the  different  torsion  angles 
for  the  central  GPGR  residues  change  the  precise  charac¬ 
ter  of  these  turns  and  bends.  NMR  studies  of  the  Aibl42 
peptide  in  solution  have  provided  evidence  for  popula¬ 
tions  of  both  type  I  and  II  turns  around  residues  GPGR 
[29],  which  is  in  good  agreement  with  the  two  peptide 
conformations  that  we  observe  in  the  crystal  structures  of 
the  V3  loop  with  different  Fabs. 

Several  other  NMR  studies  of  V3  peptide  conformation 
have  been  carried  out  in  solution  for  both  linear  and  cyclic 
peptides  of  varying  length  and  sequence.  These  studies 
have  shown  that  the  V3  loop  by  itself  is  largely  disordered 
in  water,  but  contains  a  population  of  tight  turns  for  residues 


Table  4 


Mainchain  dihedral  angles  (°)  for  V3  peptides  bound  to  Fabs 
50.1,59.1  and  58.2. 


50.1  Peptide 

59.1  Peptide 

58.2  Aibl  42 
peptide 

<t> 

V 

♦ 

V 

♦ 

V 

Cys™1 

Lys™2 

-119 

-169 

ArgP313 

-144 

135 

163 

lie™  4 

-67 

124 

-122 

144 

His™5 

-89 

134 

144 

-107 

110 

lie™6 

-124 

141 

-133 

-169 

-124 

137 

Gly™9 

102 

173 

79 

-172 

-58 

141 

Pro™0 

-63 

170 

-73 

165 

-63 

-24 

Gly™1 

86 

60 

9 

-95 

-1 

Arg™2 

-64 

-41 

-65 

141 

Ala/Aib™3 

-60 

-46 

-50 

-42 

Phe™4 

-94 

19 

-107 

40 

Tyr™5 

-49 

-22 

-68 

161 

Thr™6 

-126 

GPGR.  The  NMR  studies  show  evidence  for  type  II  turns 
[51,52],  both  I  and  II  turns  [53-56],  nonspecific  P  turns 
[57]  and  a  double  turn,  similar  to  that  seen  in  the  59.1- 
peptide  X-ray  structure  [58].  NMR  studies  have  also  sup¬ 
ported  the  proposal  that  glycosylation  of  the  V3  peptide 
can  affect  its  conformation  [59,60]  and  that  sequence 
changes  affect  the  conformation  [61].  NMR  studies  of  an 
antibody-V3  loop  peptide  complex  have  also  been  carried 
out  [62,63]  but  indicated  only  that  the  peptide  forms  a 
loop  with  residues  GPGR  at  the  tip,  with  no  more  detailed 
information  being  reported.  Interestingly,  a  search  of  the 
Brookhaven  Protein  Data  Bank  [64]  for  proteins  contain¬ 
ing  the  sequence  GPGR  identified  two  different  proteins, 
but  neither  were  in  a  type  I  or  II  p  turn.  In  scorpion  toxin 
II  (PDB  codes  lptx  and  laho  [65]),  these  residues  form  a 
wide,  undefined  turn  near  the  C  terminus  of  the  protein 
(i+1,  <t>  =  -65°,  \(/=  150°;  i+2,  <t>=115°,  y=135°;  pp-+e), 
whereas  in  chaperonin-10  (PDB  code  llep  [66])  the  GPGR 
residues  are  part  of  a  p  strand.  Additionally,  in  a  recently 
reported  X-ray  structure  [67]  of  the  major  histocompatibil¬ 
ity  complex  (MHC)  class  I  H-2Dd-HIV-l  peptide  (RGP- 
GRAFVTI)  complex,  the  GPGR  is  in  an  extended  con¬ 
formation,  as  expected  for  peptides  complexed  with  MHC 
class  I  molecules. 

Correlation  of  structure  with  function 

We  clearly  observe  two  different  conformations  for  the  V3 
loop  while  bound  to  different  neutralizing  antibodies,  and 
two  conformations  for  the  tip  of  the  loop  in  solution  [29], 
These  V3  loop  conformations  are  biologically  relevant,  as 
the  antibodies  bind  to  viral  gpl20  to  effect  their  neutral¬ 
ization  activity.  These  conformations  may  represent  two 
different  and  distinct  secondary  structural  motifs  that 
may  or  may  not  relate  to  viral  phenotype,  or  they  could 
merely  indicate  that  the  V3  loop  is  flexible  and  able  to 
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adopt  different  conformations.  The  only  reported  crystals 
of  gpl20  to  date  have  been  obtained  for  protein  where  this 
loop  was  truncated  at  its  base  [20-22];  crystals  of  gpl20 
with  the  intact  loop  have  not  yet  been  reported. 

Biological  implications 

Human  immunodeficiency  virus  1  (HIV-1)  is  a  mem¬ 
brane-enveloped  virus,  the  exterior  of  which  is  embed¬ 
ded  with  multiple  copies  of  the  proteins  gpl20  and  gp41. 
The  third  hypervariable  loop  (V3)  of  gpl20  is  involved 
in  many  aspects  of  virus  infectivity  and  has,  therefore, 
been  the  subject  of  much  interest.  The  high  degree  of 
conservation  of  the  Gly-Pro-Gly-Arg/Gln  motif  at  the  tip 
of  the  gpl20  V3  loop,  surrounded  by  regions  of  high 
sequence  diversity,  suggests  this  structural  conservation 
is  related  to  biological  function. 

Many  studies  have  shown  that  the  alteration  of  one  or 
more  amino  acid  residues  within  the  stem  of  the  V3  loop 
leads  to  changes  in  viral  tropism.  However,  it  remains  to 
be  seen  whether  these  individual  residue  changes  alter 
the  loop  structure  or  effect  a  switch  in  p-tum  conforma¬ 
tion  at  the  tip  of  the  loop.  Clearly,  a  direct  consequence 
of  different  turn  types  around  Gly-Pro-Gly-Arg  is  that 
the  flanking  regions  of  V3  would  be  in  different  environ¬ 
ments  based  on  which  turn  type  was  found  at  the  loop  tip. 
The  determination  of  the  crystal  structures  of  Fab  frag¬ 
ments  in  complex  with  V3  loop  peptides,  presented  here, 
goes  some  way  towards  understanding  the  conforma¬ 
tional  flexibility  of  this  loop,  although  the  answers  to  some 
questions  remain  elusive.  These  unanswered  questions 
provide  an  important  direction  for  future  studies  designed 
to  reveal  the  biological  role  of  the  V3  loop.  Further  knowl¬ 
edge  of  the  V3  structure  will  open  up  the  possibilities  for 
small  molecule  drug  design  based  on  its  three-dimensional 
structure,  or  vaccine  development  through  stabilization  of 
biologically  relevant  conformations. 

Materials  and  methods 

The  linear  Aib142  peptide  was  prepared  by  chemica!  synthesis  using 
Na-9-fluorenylmethoxyl-carbonyl  (Fmoc)  protected  amino  acids  and 
Fmoc-Rink’s  amide  resin  on  an  Advance  Chemtech  ACT350  peptide 
synthesizer,  following  the  manufacturer's  protocol.  The  N  terminus  was 
acetylated  and  the  sidechain  of  Cys  was  protected  with  an  acetamido- 
methyl  (Acm)  group.  A  mixture  of  trifluoroacetic  acid  (TFA)/phenol/ethane- 
dithiol/thioanisole/water  (84:6:2:4:4  v/w/v/v/v)  was  used  to  cleave  the 
peptide  from  the  resin.  Peptide  was  purified  using  a  preparative  Cos- 
mosil  C-18  reverse-phase  column  on  a  Gilson  high-performance  liquid 
chromatography  (HPLC)  system.  The  peptide  was  eluted  with  a  water/ 
acetonitrile  gradient  containing  0.1%  trifluoroacetic  acid;  0-20%  ace¬ 
tonitrile  over  5  minutes  followed  by  20-35%  acetonitrile  over  20  min  at 
8  ml/min.  The  pure  peptide  eluted  as  a  single  peak  on  analytical  HPLC 
and  its  identity  was  confirmed  by  mass  spectrometry.  The  cyclic  peptides 
were  synthesized  by  solid  phase  synthesis  using  modified  amino  acids  to 
form  the  hydrazone  link.  They  were  purified  to  single  peaks  by  HPLC  and 
their  identities  confirmed  by  mass  spectrometry. 

All  crystallizations  were  carried  out  using  the  sitting  drop,  vapor  diffu¬ 
sion  method  at  22.5°C.  Crystals  of  the  Fab  58.2-His  loop  and  Ser 
loop  complexes  were  obtained  with  a  well  solution  containing  16% 


PEG  4000,  0.2  M  imidazole  malate,  pH  5.0.  The  sitting  drop  consisted 
of  2.5  |il  well  solution,  and  2.5  pi  peptide/Fab  (1 5  mg/ml  Fab),  with  a 
peptideiFab  molar  ratio  of  2.4:1.  Crystals  of  the  Fab  58.2-Aib142 
complex  were  grown  from  a  well  solution  of  1 6%  PEG  1 0,000,  0.2  M 
imidazole  malate,  pH  6.3.  The  drops  consisted  of  2.5  pi  peptide/Fab 
(15  mg/ml  Fab),  and  2.5  pi  well  solution  with  a  peptide:Fab  molar  ratio 
of  1.7:1.  Space  groups  and  unit  cell  dimensions  for  all  crystal  forms 
were  determined  by  precession  photography.  Data  collection  statistics 
and  information  are  tabulated  for  all  three  crystal  forms  in  Table  1 . 

The  Fab  58.2/Ser  loop  complex  structure  was  determined  first,  using 
coordinates  of  Fab  59.1  (lacy,  [28]),  minus  its  peptide,  as  the  MR 
model.  Fabs  59.1  and  58.2  have  approximately  83%  and  65%  sequence 
identity  respectively  in  their  VL  and  VH  domains;  their  CL  and  CH1 
domains  are  identical  (IgGI,  k).  The  structure  was  determined  using 
the  X-PLOR  rotation  function  and  PC  refinement  [68],  and  a  modified 
Harada  translation  function  [69]  written  in  our  laboratory  by  D  Filman 
and  J  Arevalo,  with  the  intact  59.1  as  a  model.  The  intact  Fab  was 
found  to  be  a  suitable  starting  model  because  its  elbow  angle  (the 
angle  between  the  pseudo  twofold  axes  of  the  VL  -  VH  and  CL-  CH1 
domains)  differed  from  that  of  the  unknown  Fab  by  only  11°  (the  elbow 
angle  for  58.2  was  144°  and  for  59.1  was  135°).  Alternating  cycles  of 
model  building  with  the  Alberta/Caltech  version  of  TOM/FRODO 
[70,71]  and  refinement  with  the  slow-cooling  protocol  in  X-PLOR  [72] 
were  carried  out,  with  peptide  electron  density  being  clearly  visible 
after  several  cycles  (Figure  4d).  The  refined  coordinates  for  Fab  58.2- 
Ser  loop  (minus  the  peptide)  were  used  as  a  starting  model  for  the  iso- 
morphous  Fab  58.2-His  loop  complex  (Figure  4c).  The  Fab  coordi¬ 
nates  were  refined  using  rigid  body  refinement  followed  by  alternating 
cycles  of  slow-cooling  refinement  and  model  building  as  for  the  Ser 
loop  complex.  The  Fab  58.2-Aib142  structure  was  also  determined 
using  MR.  To  estimate  the  elbow  angle  for  the  Fab  58.2-Aibl  42  struc¬ 
ture,  the  Crowther  Fast  Rotation  Function,  as  implemented  in  Merlot 
[73],  was  used  to  carry  out  cross-rotation  functions  with  over  1 00  avail¬ 
able  Fab  coordinate  sets,  which  had  previously  been  superimposed  on 
a  reference  position,  with  the  elbow  angle  aligned  along  the  z-axis.  A 
plot  of  elbow  angle  versus  peak  height  for  the  top  solution  for  each 
model  suggested  an  elbow  angle  of  around  1 80°  for  the  unknown  Fab 
58.2.  The  starting  Fab  58.2  mode!  coordinates  (the  refined  58.2-Ser 
loop  coordinates,  without  peptide)  were  artificially  given  this  approxi¬ 
mate  elbow  angle.  The  rotation  function,  PC  refinement  and  translation 
function  from  X-PLOR  were  used  for  the  structure  determination  [68]. 
The  actual  elbow  angle  for  the  refined  structure  was  1  75°.  The  struc¬ 
ture  was  refined  and  rebuilt  in  alternating  cycles  as  for  the  two  previous 
complexes.  Density  for  the  peptide  was  very  clear  after  only  one  cycle 
of  slow-cooling  refinement  and  manual  rebuilding  of  the  starting  Fab 
model  (Figure  4a,b). 

Accession  numbers 

The  coordinates  and  structure  factors  for  the  three  Fab  58.2-peptide 
complexes  are  deposited  in  the  PDB  with  accession  codes  1f58,  2f58 
and  3f58,  to  become  available  at  the  time  of  publication. 
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Abstract:  Proteins  are  characterized  by  extensive  hydrogen  bonding  that  defines  regular  and  irregular 
substructures.  However,  hydrogen  bonds  are  weak  and  insufficient  for  stabilizing  peptide  conformation  in 
water.  Consequently,  the  biological  activity  of  peptides  is  reduced.  This  led  us  to  test  whether  a  covalent 
mimic  of  the  hydrogen  bond  could  be  used  to  stabilize  peptide  conformation  in  water.  A  solid-phase  synthesis 
is  described  for  replacing  a  main-chain  hydrogen  bond  (NH  —  0=CRNH)  with  a  hydrazone  link  (N—N— 
CH— CH2CH2)  in  peptides.  The  synthesis  is  easy  to  implement,  rapid,  and  capable  of  high  yields.  The 
replacement  of  a  putative  (i  +  4  — *  i)  hydrogen  bond  with  the  hydrazone  at  the  N  terminus  of 
acetyl-GLAGAEAAKA-NH2  (1)  to  give  [JLAZ] AEAAKA-NH2  (2)  converts  it  to  a  full-length  a-helix  in  water 
at  ambient  temperature  as  indicated  by  NMR  spectroscopy.  The  observation  of  weak  dax(i,  i  +  3),  medium 
^nnO’,  i  4-  1),  and  strong  dap(it  i  +  3)  NOEs  that  span  2  establish  the  formation  of  a  full-length  a-helix  in 
water.  ioN  coupling  constants  and  amide  proton  chemical  shifts  and  temperature  coefficients  are  consistent 
with  a  model  involving  rapidly  equilibrating  extended  and  a-helical  conformers.  Substituting  L-alanine  with 
L-proline  to  give  [JLPZ]AEAAKA-NH2  (3)  enhances  a-helix  nucleation  and  shifts  the  equilibrium  further 
toward  full-length  a-helix.  The  hydrazone  link  displays  many  of  the  properties  required  of  a  hydrogen  bond 
mimic  and  could  find  use  as  a  general  means  for  constraining  peptides  to  a  range  of  biologically  relevant 
conformations. 


Introduction 

Synthetic  peptides  are  a  rich  source  of  drug1*2  and  vaccine 
leads.3  Biologically  active  peptides  are  often  searched  for  by 
screening  peptides  derived  from  proteins4  or  by  screening 
peptide  libraries5  against  receptors.  However,  most  peptide 
fragments  from  proteins  are  conformationally  heterogeneous  in 
aqueous  solution.6  Since  receptors  bind  peptides  in  specific 
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conformations,  it  is  important  to  consider  the  effect  that  peptide 
conformation  has  on  binding  energy.  This  question,  first  treated 
formally  by  Anfinsen,7  led  to  the  conclusion  that  the  binding 
energy  of  a  peptide  is  directly  proportional  to  the  free  energy 
required  for  folding  the  peptide  into  the  receptor  bound 
conformation.  The  free-energy  barrier  to  folding  a  peptide  can 
be  considerable.  When  synthetic  peptides  are  constrained  to 
shapes  that  mirror  the  binding  pockets  of  receptors,  the  energy 
barrier  is  reduced,  and  102— lO^fold  improvements  in  affinities 
are  achieved.7"9  Differences  of  this  magnitude  are  sufficient 
for  identifying  new  peptide  leads  and  receptors10  and  for 
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converting  immunologically  inactive  peptides  into  active  pep¬ 
tides.1011  Conversely,  this  implies  that  many  peptide  leads  and 
receptors  are  lost  because  peptides  unfold.  Synthetic  vaccine 
development  may  be  even  more  dependent  on  the  mimicry  of 
protein  structure.3**9-12  Consequently,  there  are  compelling 
reasons  for  developing  methods  for  constraining  peptides  to  the 
substructures  occupied  by  their  cognate  sequences  in  proteins. 

To  address  this  need,  we  proposed  the  development  of 
covalent  hydrogen  bond  mimics.13  On  average,  more  than  60% 
of  the  amino  acids  in  globular  proteins  form  intramolecular 
hydrogen  bonds  between  main-chain  peptide  bonds.14  In  addi¬ 
tion,  secondary  and  irregular  structures  can  be  defined  by 
different  hydrogen-bonding  patterns.15  We  therefore  reasoned 
that  the  replacement  of  putative  structure- defining  hydrogen 
bonds  with  a  covalent  mimic  could  yield  a  general  approach 
for  constraining  peptides  to  different  protein  substructures  based 
on  the  position  of  the  link  and  the  amino  acid  sequence. 

Initially,  Arrhenius  and  Satterthwait16  developed  a  solution- 
phase  synthesis  for  replacing  a  main-chain  hydrogen  bond  with 
a  hydrazone  link.  However,  the  synthesis  was  lengthy,  yields 
were  low,  and  solubility  problems  arose  with  fully  protected 
peptides.  In  this  paper,  we  report  a  synthetic  protocol  for  the 
insertion  of  the  hydrazone  link  into  a  peptide  by  solid-phase 
synthesis.  It  allowed  us  to  explore  the  a-helix-stabilizing  poten¬ 
tial  of  the  hydrazone  link  in  water.  Work  on  medium-sized  loops 
is  being  reported  separately.9,17 

The  a-helix  is  an  important  structure  in  proteins. 15a,d,ls  It 
presents  a  definitive  test  for  any  main-chain  hydrogen  bond 
mimic  since  structural  incompatibilities  are  more  likely  to  be- 
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142. 

(18)  Kaiser,  E.  T.;  Kezdy,  F.  J.  Science  1984,  223,  249-255.  Degrado, 
W.  F.  Adv.  Protein  Chem.  1988,  39,  51-124. 


Table  1.  Representative  Regular  and  Irregular  Protein  Structures 
Defined  by  Main-Chain  to  Main-Chain  Amide  Hydrogen  Bonds0-* 


protein  substructure 

hydrogen  bond 

ring  size 

3 10-helix;  /9-tums 

1  +  3  —  i 

10 

/9-hairpin  loops,  n  >  0 

1  +  3  +  ji  — T 

10  +  3  n 

a-helix 

i  +  4  —  i 

13 

3:3  loop  (rare: irregular) 

2:2  loop  (defined) 

i  — *  i  +  3 

14 

2:4  loop  (rare,  irregular) 

/9-hairpin  loops,  n  >  0 

i  — i  +  3  +  n 

14  +  3  n 

4:4  loop  (defined  and  irregular) 

i  +  5  —  i 

16 

3:5  loop  (defined  and  irregular) 

i  —  i  +  4 

17 

4:6  loop  (irregular) 

1  — 1  +  5 

20 

antiparallel  /9-sheet,  parallel  /9-sheet 

i  —  /  +n 

variable  or 

1  +  n  —  i 

discontinuous 

a  Reference  15.  *  The  hydrogen  bond  is  indicated  by  an  arrow.  The 
arrow  points  from  the  residue  donating  the  amide  NH  proton  to  the 
residue  bearing  the  accepting  carbonyl  oxygen  atom  (NH  — *  0=CRNH). 
The  reference  residue,  i,  is  N-terminal  to  the  second  residue  which  is 
separated  by  the  indicated  number  of  amino  acids,  n.  The  ring  size  is 
defined  by  the  number  of  atoms  connected  by  the  hydrogen  bond. 

come  evident  in  the  a-helix  than  in  less  crowded  structures  such 
as  loops.  Several  synthetic  approaches  to  helix  stabilization  have 
been  taken.19  One  approach  builds  on  templates  to  propagate 
helices.2,20,21  A  second  approach  links  amino  acid  side  chains 
in  a  position-dependent  manner  to  stabilize  helices.22  A  third 
approach  uses  linkers,  bridges  or  synthetic  scaffolds  to  position 
peptide  chains  in  proximity  for  helix-stabilizing  interactions.23 

Design 

A  review  of  hydrogen  bonding  in  proteins14,15  shows  that 
different  substructures  can  be  defined  by  their  hydrogen-bonding 
patterns  between  main-chain  peptide  bonds  on  the  basis  of  ring 
size  and  orientation  (Table  1).  The  hydrazone  link  (N— N— CH— 
CH2CH2)  was  designed  to  replace  the  hydrogen  bond,  (NH  — 
0=C(R)NH)  that  forms  between  the  main-chain  amide  proton 
of  an  upstream  amino  acid  and  the  main-chain  carbonyl  oxygen 
of  a  downstream  amino  acid  (1  +  n  —  i).  The  hydrogen  bond 
is  replaced  by  the  N^CH  double  bond,  and  the  associated 

(19)  Houben-Weyl  Methods  in  Organic  Chemistry.  Synthesis  of  Peptides 
and  Peptidomimetics;  Georg  Thieme  Verlag:  Stuttgart,  1999;  Vol.  E22b, 
manuscript  in  preparation. 

(20)  (a)  Kemp,  D.  S.;  Curran,  T.  P.  Tetrahedron  Lett.  1988,  29,  4935- 
4938.  (b)  Kemp,  D.  S.;  Curran,  T.  P.;  Davis,  W.  M.;  Boyd,  J.  G.;  Muendel, 

C.  J.  Org.  Chem.  1991,  56,  6672-6682.  (c)  Kemp,  D.  S.;  Curran,  T.  P.; 
Boyd,  J.  G.;  Allen,  T.  J.  7.  Org.  Chem.  1991,  56,  6683-6697.  (d)  Kemp, 

D.  S.;  Allen,  T.  J.;  Oslick,  S.  L.  J.  Am.  Chem.  Soc.  1995, 117,  6641—6657. 
(e)  Kemp,  D.  S.;  Allen,  T.  J.;  Oslick,  S.  L.;  Boyd,  J.  G.  J.  Am.  Chem.  Soc. 
1996, 118, 4240-4248.  (f)  Kemp,  D.  S.;  Rothman,  J.  H.  Tetrahedron  Lett. 

1995,  36,  4023-4026. 

(21)  Austin,  R.  E.;  Maplestone,  R.  A.;  Seller,  A.  M.;  Liu,  K.;  Hruzewicz, 
W.  N.;  Liu,  C.  W.;  Cho,  H.  S.;  Wemmer,  D.  E.;  Bartlett,  P.  A.  J.  Am. 
Chem .  Soc .  1997,  119,  6461-6472. 

(22)  (a)  Felix,  A.  M.;  Heimer,  E.  P.;  Wang,  C.  T.;  Lambros,  T.  J.; 
Fournier,  A.;  Mowles,  S.  M.;  Maines,  S.;  Campbell,  R.  M.;  Wegrzynski, 
B.  B.;  Toome,  V.;  Fry,  D.;  Madison,  V.  S.  bit.  J.  Pept.  Protein  Res.  1988, 
32,  441—454.  (b)  Osapay,  G.;  Taylor,  J.  W.  J.  Am.  Chem.  Soc.  1990, 112, 
6046-6051.  (c)  Osapay,  G.;  Taylor,  J.  W.  J.  Am.  Chem.  Soc.  1990,  114, 
6966-6973.  (d)  Bracken,  C.;  Gulyas,  J.;  Taylor,  J.  W.;  Baum,  J.  J.  Am. 
Chem.  Soc.  1994,  116,  6431-6432.  (e)  Houston,  M.  E.;  Gannon,  C.  L.; 
Kay,  C.  M.;  Hodges,  R.  S.  J.  Pept.  Sci.  1995,  1,  274—282.  (f)  Jackson,  D. 
Y.;  King,  D.  S.;  Chmielewski,  J.;  Singh,  S.;  Schultz,  P.  G.  J.  Am.  Chem. 
Soc.  1991,  113,  9391—9392.  (g)  Yu,  C.;  Taylor,  J.  W.  Tetrahedron  Lett. 

1996,  37,  1731-1734.  (h)  Phelan,  J.  C.;  Skelton,  N.  J.;  Braisted,  A.  C.; 
McDowell,  R.  S.  J.  Am.  Chem.  Soc.  1997,  119,  455-460. 

(23)  Mutter,  M.;  Vuilleumier,  S.  Angew.  Chem.,  Int.  Ed.  Engl  1989, 
28,  535-554.  Ghadiri,  M.  R.;  Soares,  C.;  Choi,  C.  J.  Am.  Chem.  Soc.  1992, 

114,  825—831.  Dawson,  P.  E.;  Kent,  S.  B.  H.  J.  Am.  Chem.  Soc.  1993, 

115,  7263—7266.  Monera,  O.  D.;  Sonnichsen,  F.  D.;  Hicks,  L.;  Kay,  C. 
M.;  Hodges,  R.  S.  Protein  Eng.  1996,  9,  353—363.  Mant,  C.  T.;  Chao,  H.; 
Hodges,  R.  S.  J.  Chromatog.  A  1997,  791,  85-98.  Bryson,  J.  W.;  Desjarlais, 
J.  R.;  Handel,  T.  M.;  DeGrado,  W.  F.  Protein  Sci.  1998,  7,  1404—1414. 
Ghirlanda,  G.;  Lear,  J.  D.;  Lombardi,  A.;  DeGrado,  W.  F.  J.  Mol.  Biol. 
1998,  281,  379-391. 
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Figure  1.  The  substitution  of  an  0‘  +  4  —  i)  hydrogen  bond  in  one 
turn  of  an  a-helix  (a)  with  a  hydrazone  covalent  hydrogen  bond  mimic 
(b).  The  depicted  structure  (b)  is  [JLAZ]-.  Circled  letters  at  the 
a-carbons  are  one  letter  codes  for  amino  acids  and  modified  amino 
acids  used  at  these  positions.  L  replaces  HC(CH2)CH(CH3)2.  A  replaces 
HC(CH3).  G,  J,  and  Z  replace  CH2. 


peptide  link  is  replaced  with  an  ethylene  group  (Figure  1). 
Although  neither  hydrogen  bond  length  nor  angles  are  precisely 
mimicked  by  the  double  bond,24  the  attached  hydrocarbon  chain 
provides  enough  flexibility  for  the  hydrazone  link  to  substitute 
for  structure  defining  hydrogen  bonds  in  molecular  models  of 
peptides  in  many  different  conformations. 

The  a-helix  is  defined  by  a  pattern  of  sequential  (/  +  4  —  i ) 
hydrogen  bonds. 14,15a,d  When  an  N-terminal  (i  4*  4  — 1 *■  i) 
hydrogen  bond  is  replaced  with  the  hydrazone  link,  a  13- 
membered  ring  is  formed  that  corresponds  to  the  13-membered 
hydrogen-bonded  turn  of  an  a-helix  (Figure  1).  The  hydrazone 
is  formed  by  the  reaction  of  an  activated  acetal  (J)  with  a 
hydrazino  derivative  (Z).  The  hydrazone  link  fits  compactly  into 
a  space-filling  Corey— Pauling-Koltum  molecular  model  of  an 
a-helical  peptide.  Z  is  restricted  to  an  a-methylene  carbon 
(glycine  equivalent)  to  alleviate  a  steric  clash  of  side  chains 
with  the  — N=CH-  bond  that  would  occur  in  an  a-helix. 

The  hydrazone  link  was  substituted  for  the  putative  (i  +  4 
— ■  i)  hydrogen  bond  at  the  N  terminus  of  a  linear  peptide,  acetyl- 
GLAGAEAAKA-NH2  (1),  to  give  [JLAZ]AEAAKA-NH2  (2). 
[JLAZ]-  is  depicted  in  Figure  1.  The  constrained  peptide  should 
form  about  three  turns  of  an  a-helix  which  is  about  the  average 
size  for  an  a-helix  in  a  globular  protein.253  The  alanine-rich 
extension,  -AEAAKA-NH2  was  selected  on  the  basis  of  its 
potential  for  a-helix  formation  and  disinclination  to  aggregate  26 
The  conformations  of  these  two  peptides  were  compared  using 
principally  NMR  spectroscopy.  Alanine-based  peptides  are 
preferred  for  NMR  studies  with  helical  peptides  because  alanine 
is  both  a  helix-stabilizing  amino  acid26  and  the  only  amino  acid 
with  equivalent  protons.  Thus,  distances  to  these  protons  are 
independent  of  side-chain  rotamer  distributions  and  consequently 
predictable  for  specific  conformations.  Since  a-helices  are 
characterized  by  a  unique  pattern  of  short,  sequential  distances 
dafi(i,  i  +  3),  alanine-based  peptides  can  be  used  to  test  for  the 
a-helical  conformation  on  a  per  residue  basis.200  Although  NMR 
signals  for  alanine  often  overlap,  they  can  be  edited  and  assigned 
by  means  of  deuterated  alanine  analogues.200  A  second  con¬ 
strained  peptide,  [JLPZ]AEAAKA-NH2  (3),  was  synthesized 
to  test  whether  L-proline  with  $  =  —  60°,15d  close  to  the  ideal 

(24)  The  mean  hydrogen  bond  length  and  angles  for  parallel  and 
antiparallel  ^-sheets  and  a-helix  are  NH"*0,  2.0  A;  NH***0=C,  155°; 

160°;  Chothia,  C.  Annu.  Rev.  Biochem.  1984,  53,  537—572.  The 
C=N  bond  length  for  pyridine,  etc.  is  1.34  A;  Gordon,  A.  J.;  Ford,  R.  A. 
The  Chemists  Companion;  A  Handbook  of  Practical  Data ,  Techniques,  and 
References;  John  Wiley:  New  York,  1972;  p  108. 

(25)  (a)  Presta,  L.  G.;  Rose,  G.  D .Science  1988,  240,  1632-1641.  (b) 
Richardson,  J.  S.;  Richardson,  D.  C.  Science  1988,  240,  1648-1652. 

(26)  (a)  Marqusee,  S.;  Baldwin,  R.  L.  Proc.  Natl.  Acad.  Sci.  U.S.A.  1987, 
84,  8898-8902.  (b)  Scholtz,  J.  M;  Marqusee,  S.;  Baldwin,  R.  L.;  York,  E. 
J.;  Stewart,  J.  M.;  Santoro,  M.;  Bolen,  D.  W.  Proc.  Natl.  Acad.  Sci.  U.S.A. 
1991,  88,  2854-2858. 
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Table  2.  Linear  and  Constrained  Peptides  Prepared  for  This  Study" 

acetyl-Gl-L2  A3  G4-A5  E6-A7  A8  K9  AlO-NFL 
la:  acetyl-GLA^AEAAKA-NHz 

lb:  acetyl-GLAGAEA^KA-NFL 

lc:  acetyl-GLAGAEAA^A-NHz 

Id:  acetyl-GLAGAEAAKA'-NHz 

2:  [J  1  -cL2-cA3-Z4]- A5-E6- A7- A8-K9- A 1 0-NH2 

2a:  [JLAZ]  A4E  A4  A1  K  A4-NH2 

2b:  [JLAZ]A3EA4AIKA4-NH2 

2c:  [JLAZ]A4EA3A4KA1-NH2 

3 :  [  J 1  -cL2-cP3-Z4]- A5-E6- A7- A  8-K9-A 1 0-NH2 


"Amino  acids  (in  bold)  are  in  one-letter  code  and  numbered 
according  to  their  position  in  the  sequence:  c  indicates  the  amino  acid 
is  from  the  cyclized  segment  of  the  peptide.  J  and  Z  are  identified  in 
Schemes  1,  2.  [JLAZ]  is  the  cyclized  peptide  in  Figure  lb.  A1  is 
L-alanine-2-rfi;  A3  is  L-alanine-3,3,3-d3;  A4  is  L-alanine-2,3,3,3-e?4- 


for  an  a-helix  (</>  =  -57°),  could  enhance  a-helix  stabilization. 
L-proline  often  initiates  a-helix  formation  in  proteins.25 

Synthesis 

The  insertion  of  the  hydrazone  link  into  peptides  by  solid- 
phase  peptide  synthesis  requires  the  prior  preparation  of  5,5- 
dimethoxy-l-oxopentanoic  acid  (J),  (l-methyethylidene-2- 
Fmoc)hydrazinoacetic  acid  (Fmoc-Z(Act)  and  an  N-a-Fmoc- 
L-amino  acid  chloride.  J  was  prepared  as  the  methyl  ester  in 
three  steps  according  to  Stevens  and  Lee27  and  converted  to 
the  acid  (Scheme  1).  The  acid  is  stable  as  a  neat  liquid  at  —20 
°C.  Fmoc-Z(Act)  was  prepared  in  a  one-pot  synthesis  according 
to  Scheme  2.  N-a-Fmoc-L-amino  acid  chlorides  were  prepared 
from  the  JV-a-Fmoc-amino  acid  and  thionyl  chloride  according 
to  Carpino  et  al 28 

A  list  of  peptides  synthesized  for  this  study  is  in  Table  2. 
Linear  peptides  including  1  were  synthesized  using  standard 
Fmoc  synthesis.  [JLAZ]AEAAKA-NH2  (2)  and  its  deuterated 
analogues  were  synthesized  on  Rink’s  amide  resin  according 
to  Scheme  3.  Standard  Fmoc  chemistry  was  used  for  coupling 
N-a-Fmoc-amino  acids,  Fmoc-Z(Act)  and  J.  The  most  critical 
reaction  in  peptide  assembly  was  the  coupling  of  N-a-Fmoc- 
L-alanine  to  the  secondary  amine,  Z(Act).  Several  coupling 
procedures  were  tested  including  prior  reaction  of  N-a-Fmoc- 
L-alanine  with  EDC  to  form  the  anhydride  and  activation  of 

(27)  Stevens,  R.  V.;  Lee,  A.  W.  M.  J.  Am.  Chem.  Soc.  1979, 101, 7032— 
7035. 

(28)  Carpino,  L.  A.;  Cohen,  B.  J.;  Stephens,  K.  E.,  Jr.;  Sadat-Aalaee,  S. 
Y.;  Tien,  J.  H.;  Langridge,  D.  C.  J.  Org.  Chem.  1986,  51,  3732—3734. 


Hydrogen  Bond  Mimic 
Scheme  3 
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N-a-Fmoc-L-alanine  with  PyBOP/HOBt  or  DIC/HOBt.  How¬ 
ever,  none  of  these  methods  proved  as  effective  as  coupling 
with  A-a-Fmoc-alanine  chloride.  For  the  most  efficient  coupling, 
the  acyl  chloride  in  N-methylpyrrolidone  was  preequilibrated 
with  Z(Act)-Rink-resin  before  adding  diisopropylethylamine. 
The  coupling  reaction  is  complete  within  15  min.  Either  pre- 
mixing  the  acyl  chloride  with  diisopropylethylamine  or  adding 
the  base  to  Z(Act)-Rink-resin  prior  to  the  acyl  chloride  reduced 
the  yield  of  the  final  product.  Premixing  of  acyl  chloride  with 
diisopropylethylamine  is  expected  to  yield  a  quaternary  amide 
that  while  highly  activated  could  be  sterically  hindered  from 
reaction  with  Z(Act).  Steric  hindrance  could  also  account  for 
reduced  yields  from  all  coupling  reagents  other  than  acyl 
chlorides. 

The  assembled  peptide  was  cyclized  on  the  solid  support  with 
catalytic  quantities  of  hydrochloric  acid  in  20%  2,2,2-trifluo- 
roethanol/dichloromethane.  Cyclization  is  complete  within  15 
min.  Several  events  must  occur  for  cyclization  to  occur  including 
activation  of  the  acetal  group,  removal  of  the  acetone-protecting 


Figure  2.  HPLC  chromatogram  of  the  crude  product  from  the  solid- 
phase  synthesis  of  2.  The  major  product  is  2.  Two  minor  products, 
A/B  are  indicated.  A  (peak)  is  a  dimer  of  2;  B  (shoulder)  is  an  isomer 
of  2. 

group,  and  hydrazone  formation  (Scheme  3).  The  rapid  cycliza¬ 
tion  suggests  that  hydrochloric  acid  catalyzes  the  formation  of 
an  oxocarbonium  ion  that  in  turn  reacts  either  with  the  imine 
nitrogen  or  the  free  amine.  The  acetone-protecting  group  is 
removed  by  hydrolysis.  Since  similar  yields  were  obtained  with 
either  1  or  5  equiv  of  hydrochloric  acid,  the  poorly  basic  N- 
amino  group  is  not  significantly  protonated  under  the  reaction 
conditions.  The  methoxocarbonium  ion  may  undergo  an  ex¬ 
change  reaction  with  2,2,2-trifluoroethanol  to  give  the  more 
electrophilic,  trifluroethoxocarbonium  ion.  However,  2,2,2-trifluor- 
oethanol  is  not  necessary  for  cyclization  since  the  yields  of  2 
were  only  partially  reduced  when  the  cyclization  reaction  was 
carried  out  either  in  N-methylpyrrolidone  or  A,A-dimethylfor- 
mamide. 

Following  cyclization,  the  peptide  was  cleaved  from  the  Rink 
resin  and  protecting  groups  removed  with  trifluoroacetic  acid. 
Analytical  HPLC  of  the  crude  product  (Figure  2)  showed  a 
single  major  product,  2.  Peptide  2  was  purified  by  HPLC  to 
give  a  final  yield  of  47%.  Two  minor  products  (A/B)  were 
further  purified  and  identified  as  a  dimer  (A)  and  an  isomer  of 
2  (B)  by  mass  spectroscopy.  The  dimer  displays  an  NMR  signal 
corresponding  to  that  for  a  hydrazone  proton  while  the  isomer 
does  not.  Apparently,  when  J  is  activated,  it  reacts  with  Z  on 
an  adjacent  chain.  This  is  followed  by  cyclization  to  yield  the 
“bis”  compound.  The  isomer  B  is  unidentified.  However,  a 
reaction  between  the  oxocarbonium  ion  and  the  cL2  amide 
nitrogen  would  give  a  6-membered  heterocycle  with  a  mass 
identical  to  2.29 

[JLPZ]AEAAKA-NH2  (3)  was  synthesized  in  the  same 
manner  as  2.  However,  the  final  yield  of  3  following  two 
purification  steps  was  lower  (4.7%)  than  that  for  2;  the  major 
product  was  a  dimer  of  3.  This  suggests  that  L-proline  slows 
the  cyclization  rate  of  the  monomer. 

Since  the  biological  activity  of  peptides  is  normally  measured 
in  aqueous  media,  and  synthetic  vaccines  must  withstand  weeks 
of  exposure  to  physiological  conditions,  the  chemical  stability 
of  2  was  assessed  under  physiological  conditions  of  temperature 
and  pH  by  monitoring  it  in  water  at  pH  =  7.4,  37  °C  by  HPLC. 
After  one  month,  no  change  was  observed  in  the  retention  time, 
and  there  was  little  detectable  degradation.  No  change  was 
observed  in  2  after  1  day  in  10%  D2O/90%  H2O,  pH  2.9, 

(29)  Proposed  structure  for  B.  Proposed  by  Barry  Noar. 
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Figure  3.  UV  spectra  for  10  pM  1-3  at  pH  2.9,  ambient  temperature; 
path  length  is  1  cm  (upper  panel).  CD  spectra  for  100 //M  1—3  at  pH 
2.9,  22  °C  (lower  panel). 


conditions  used  for  2D  NMR  spectroscopy.  However,  3  showed 
slow  decomposition  at  pH  2.9  which  became  evident  in  NMR 
experiments.  The  lower  yield  and  faster  rate  of  decomposition 
of  3  may  reflect  ring  strain.  Peptides  2  and  3  showed  little 
degradation  under  the  acidic  peptide  cleavage  conditions. 
However,  the  addition  of  ethanedithiol  to  the  cleavage  mixture 
rapidly  destroys  the  hydrazone  link  and  should  be  avoided  in 
peptide  deprotection  reactions. 

Conformational  Analysis 

CD  Spectroscopy.  Peptides  1—3  were  analyzed  by  UV, 
circular  dichroism  (CD),  and  NMR  spectroscopy.  UV  and  CD 
spectra  for  1—3  are  compared  in  Figure  3.  The  CD  spectrum 
for  1  in  water  at  ambient  temperature  shows  little  evidence  for 
helix  while  the  CD  spectra  for  2  and  3  are  complex.  CD  spectra 
are  often  analyzed  in  terms  of  UV  spectra.30  The  difference  in 
UV  spectra  for  1-3  indicates  that  the  acylhydrazone  link 

(30)  (a)  Holzwarth,  G.;  Doty,  P.  J.  Am.  Chem.  Soc.  1965,  87,  218-228 
(b)  Sears,  D.  W.;  Beyechok,  S.  Physical  Principles  and  Techniques  of 
Protein  Chemistry;  Academic  Press:  New  York,  1973;  pp  460-466. 


absorbs  strongly  in  the  UV  with  a  broad  band(s)  centered  at 
about  230  nm.  The  slightly  stronger  absorbance  by  3  between 
204  and  232  nm  compared  with  2  may  reflect  conformational 
effects  on  absorption  by  the  conjugated  acylhydrazone  link.31 
The  UV  absorption  band(s)  attributable  to  the  acylhydrazone 
are  reflected  in  the  CD  spectra  by  positive  mean  residue 
ellipticity  at  229  nm  (2:  ©229  =  1064)  and  228  nm  (3:  ©228  — 
3990)  and  negative  mean  residue  ellipticity  at  243  nm  (2:  ©243 
=  -3005)  and  246  nm  (3:  ©246  =  -2030). 

The  a-helix  is  characterized  by  a  positive  ellipticity  at  190 
nm  and  a  double  minimum  at  about  208  and  222  nm.26,30  The 
CD  spectra  for  2  and  3  could  include  bands  from  both  the 
hydrazone  link  and  a-helix  which  would  be  difficult  to  separate 
since  they  would  overlap.  Also,  the  higher  mean  residue 
ellipticity  for  3  compared  with  2  at  228  and  246  nm  suggests 
that  the  hydrazone  link  like  the  peptide  bond  contributes  to  CD 
spectra  in  a  conformationally  dependent  manner  that  would  be 
difficult  to  correct  for.  However,  [©]i9o  which  increases  from 
-9161  (1)  to  1857  (2)  to  13003  (3)  and  a  shifting  minimum 
from  198  (1)  to  202  (2)  to  206  nm  (3)  are  consistent  with 
increasing  a-helicity. 

NMR  Spectroscopy.  Peptides  1—3  were  principally  analyzed 
by  NMR  spectroscopy.  Several  criteria  have  been  developed 
for  identifying  a-helical  peptides  including  upfield  shifts  in 
signals  for  main-chain  amide  NH  protons,  decreases  in  amide 
proton  temperature  coefficients  and  H-D  exchange  rates, 
decreases  in  Jqx  coupling  constants,  and  specific  distance 
patterns  in  two-dimensional  (2D)  proton— proton  nuclear  Over- 
hauser  enhancement  (NOE)  spectra.32*33  NOEs  which  appear 
as  cross-peaks  in  2D  NOESY  spectra  provide  the  most  important 
data  since  a-helices  are  characterized  by  sequential  distances, 
dm(i,  i  +  l)i  daN 1  +  3),  and  i  +  3),  which  allow 
conformational  analysis  on  a  per  residue  basis.33  NOE  data  are 
the  least  subject  to  mitigating  factors  that  often  complicate  the 
interpretation  of  other  spectral  data  and  is  considered  the  most 
reliable  indicator  of  peptide  structure  in  solution.6*33*34 

NMR  spectra  were  acquired  on  1—20  mM  peptides  at  pH 
2.9,  22  °C.  Although  lower  pH  is  expected  to  decrease  the 
a-helical  propensity  of  the  peptide,26  it  optimally  separates 
signals  for  the  amide  protons  in  NMR  spectra  which  is  important 
for  the  unambiguous  assignments  of  NOEs.  NMR  studies  on 
helical  peptides  are  generally  carried  out  at  5  °C  6  since  the 
a-helix  is  significantly  stabilized  at  lower  temperatures.26 
However,  low-temperature  NMR  requires  specialized  equipment 
that  was  not  available  to  us.  A  comparison  of  chemical  shifts 
and  line  shapes  of  the  amide  protons  for  1  and  20  mM  of  2 
showed  no  discernible  differences,  <0.01  ppm,  indicating  that 
self-association  is  not  significant  at  these  concentrations.  The 
resonance  positions  for  all  protons  in  1-3  were  assigned  by 
using  standard  approaches  to  ID  *H  NMR  and  2D  COSY, 
TOCSY,  and  ROESY  (rotating-frame  NOESY)  spectra  of 
undeuterated  and  deuterated  analogues  (see  the  Experimental 
Section  and  Supporting  Information).  Deuterated  alanine  ana¬ 
logues  of  the  peptides  (Table  2)  were  used  to  identify  alanine 
amide  proton  signals  for  1  and  to  isolate  dafitt,  i  +  3)  NOEs  for 
2.  The  use  of  deuterated  analogues  of  2  had  an  additional 
advantage  of  reducing  noise  in  the  crowded  regions  of  the 
ROESY  spectra  which  enhanced  signal/noise  ratios  for  weak 

(31)  Buchwald,  M.,  Jencks,  W.  P.  Biochemistry  1968,  7,  844—859. 

(32)  (a)  Dyson,  H.  J.;  Wright,  P.  E.  Annu.  Rev.  Biophys.  Biophys.  Chem. 
1991,  20,  519-538.  (b)  Waltho,  J.  P.;  Feher,  V.  A.;  Merutka,  G.;  Dyson, 

H.  J.;  Wright,  P.  E.  Biochemistry  1993,  32,  6337—6347. 

(33)  WUthrich,  K.;  Billeter,  M.;  Braun,  W.  J.  Mol.  Biol.  1984, 180, 7 15 — 
740. 

(34)  Bradley,  E.  K.;  Thomason,  J.  F.;  Cohen,  F.  E.;  Kosen,  P.  A.;  Kuntz, 

I.  D.  J .  Mol.  Biol.  1990,  215,  607  -622. 
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Table  3.  Summary  of  NMR  Data  of  1— 3fl 
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a  Temperature  coefficients  were  determined  from  linear  regression 
analysis  of  five  measurements  between  21—45  °C  with  R  >  0.996;  the 
data  is  plotted  in  the  Supporting  Information.  #  indicate  that  the  Gl/ 
G4  otN  cross-peaks  for  1  overlap  in  the  TOCSY  spectra;  temperature 
coefficients  for  Gl  and  G4  are  similar  to  those  for  E6.  NHC  and  NHt 
are  the  carboxyl  terminal  cis  and  trans  carboxamide  protons.  Jon 
coupling  constants  are  from  ID  NMR  spectra  with  a  resolution  of  0.33 
Hz/datapoint.  *  and  dashed  lines  indicate  overlapping  signals.  Hatched 
bars  are  for  NOEs  from  cL2  NH  to  cP3  6  CH2,  from  cL2  P  to  cP3  <5 
CH2  and  from  Z4  N=CH  to  A5  NH.  NA,  not  applicable.  Strong, 
medium,  and  weak  NOEs  are  identified  by  the  height  of  the  filled  bars; 
thick  lines  correspond  to  strong  NOEs  thin  lines  to  weak  NOEs. 

NOEs.  Ja n  coupling  constants  and  amide  proton  temperature 
coefficients  for  1—3  and  NOEs  for  2  and  3  are  summarized  in 
Table  3. 

Amide  NH  Region.  Portions  of  ID  NMR  spectra  for  1—3 
are  compared  in  Figure  4.  Signals  for  the  main-chain  amide 
protons  of  2  and  3  show  major  differences  in  chemical  shifts 
from  corresponding  protons  for  1  with  signals  for  the  AAKA- 
NHcfc  amide  protons  shifting  upfield.  The  trend  in  signals  for  2 
are  accentuated  in  3  (Figure  5).  The  upfield  shifts  for  the  AAKA- 
NHC&  amide  protons  are  predicted  for  hydrogen  bonding  that 
accompanies  a-helix  formation35  with  the  larger  differences  for 
3  indicative  of  greater  helix  stabilization. 

The  chemical  shifts  for  the  amide  protons  for  2  and  3  that 
are  located  near  the  acylhydrazone  link  shift  in  a  discordant 

(35)  Reymond,  M.  T.;  Huo,  S.;  Duggan,  B.;  Wright,  P.  E.;  Dyson,  H.  J. 
Biochemistry  1997,  36,  5234—5244. 


manner  (Figure  5)  which  as  discussed  later  may  reflect  shielding 
effects  from  the  cyclic  portion  of  the  molecule.  Differences  in 
the  signal  for  the  hydrazone  N=CH  proton  are  also  evident 
(Figure  4).  Coupling  constants  for  the  hydrazone  proton  change 
from  2  (3.6,  8.2  Hz)  to  3  (2.5, 9.5  Hz),  indicating  that  the  linker 
adjusts  its  conformation  in  response  to  the  substitution  of  alanine 
(2)  with  proline  (3).36  These  changes  in  conformation  at  the 
amino  terminal  end  of  2  and  3  are  reflected  by  changes  at  the 
carboxyl  terminal  end.  NMR  signals  for  the  two  C-terminal 
carboxamide  protons  (Figure  4)  converge  from  a  difference  of 
0.50  (1)  to  0.42  (2)  to  0.38  ppm  (3).  Both  coupling  constants 
and  signal  convergence  provide  sensitive  and  easily  measurable 
parameters  for  conformational  changes  that  must  be  occurring 
through  the  full  length  of  2  and  3. 

Hydrazone  Link.  Secondary  amides  often  form  mixtures  of 
cis  and  trans  isomers  that  interconvert  slowly  on  the  NMR  time 
scale  and  are  distinguishable  in  NMR  spectra.37  The  data, 
however,  provides  strong  evidence  that  the  acylhydrazone  (main- 
chain  C-N  link)  adopts  the  trans  configuration  which  relegates 
the  hydrogen  bond  mimic  (N— N  link)  to  the  required  “cw” 
position  (Figure  1).  First,  only  one  set  of  NMR  signals  is 
observed  for  2  and  3,  indicating  that  only  one  geometric  isomer 
is  present  (Figure  4).  Second,  no  NOE  was  observed  between 
the  cA3  a  or  p  protons  and  the  Z  methylene  protons  for  2, 
whereas  strong  d aa(i,  i  +  1)  NOEs  are  observed  for  cis  peptide 
bonds.38  Likewise,  no  NOE  was  found  between  the  cP3  p 
protons  and  the  Z  a  protons.  It  is  possible  that  the  hydrazone 
link  could  enforce  a  cis  bond  at  another  position,  the  most 
vulnerable  being  the  cL2-cP3  peptide  bond  in  3.  The  strong 
NOE  between  cL2  NH  and  cP3  ^CH2  for  3  (Figure  7),  however, 
indicates  that  the  cL2-cP3  peptide  bond  is  trans.39  There  is  also 
no  evidence  for  cis  isomerization  along  the  main-chain  peptide 
bonds  in  either  the  cyclic  or  linear  portion  of  2  or  3. 

Additional  NOEs  agree  with  the  targeted  a-helical  conforma¬ 
tion  (Figure  1).  Strong  NOEs  between  the  hydrazone  N=CH 
proton  and  the  Z  methylene  proton(s)  (not  shown)  indicate  that 
the  vinyl  N— N=CH  proton  is  trans  to  the  main-chain  amide 
nitrogen.  Also,  an  NOE  between  the  N^CH  proton  and  the  A5 
NH  proton  (Figure  6,  2  and  3)  and  a  medium  strength  cL2-cA3 
^on0\  i  +  1)  NOE  (Figure  7,  2b)  with  similar  intensity  to  the 
cL2-cA3  dm(i,  i  +  1)  NOE  (Figure  6,  2)  support  the  structure. 

Distances.  Helices  are  characterized  by  sequential  dm(i,  i 
+  1),  da n(*\  i  +  3)  and  d^i,  i  +  3)  NOEs.33  ROESY  spectra 
for  2  and  3  show  dm{U  i  +  1)  NOEs,  in  every  case  where  signal 
separation  permits,  for  cL2-cA3,  A5-E6-A7  and  K9-A10-NH™, 
for  the  whole  length  of  the  peptide  in  accordance  with  helix 
stabilization  (Figure  6).  The  strongest  evidence  for  a  helix  is 
provided  by  the  midrange  dat;(i,  i  +  3)  and  d^i,  i  +  3)  NOEs 
that  span  the  length  of  2  (Table  3).  These  NOEs  span  cL2- 
cA3-Z4  in  the  cyclic  peptide  and  A5-E6-A7  in  the  appended 
peptide  (Figures  7,  8a).  Although  d^i,  i  +  3)  NOEs  for  the 
cL2  and  cA3  a  protons  are  unambiguous,  those  for  the  a  protons 
of  the  -ZAEAAKA-  extension  are  potentially  overlapped  with 
other  NOEs.  To  isolate  these  signals,  alanine  a  and  P  protons 
were  deuterated  (2a)  and  a  spectrum  acquired  to  identify  the 
remaining  K9  NOEs  (Figure  8b).  Proton  pairs  from  A5  (a 

(36)  In  a  further  test,  glycine  was  substituted  for  L-leucine  in  2  to  give 
(JGAZ]AEAAKA-NH2.  A  comparison  of  NMR  data  for  [JGAZ]AEAAKA- 
NH2  (7n-cw-ch2  —  6.0  Hz,  6.0  Hz;  C-terminal  carboxamide  protons,  Appm 
=  0.48)  with  that  for  1—3  confirms  the  flexibilty  of  the  linker.  It  indicates 
that  glycine  relaxes  the  conformation  of  the  NucSite  and  reduces  its  ability 
to  propagate  a  helix.  Cabezas,  E.;  Satterthwait,  A.  C.,  unpublished  data. 

(37)  Grathwohl,  C.;  Wuthrich,  K.  Biopolymers  1976,  15,  2025-2041. 

(38)  Chazin,  W.  J.;  Wright,  P.  E.  J.  Mol.  Biol.  1988,  202,  623-636. 

(39)  Wuthrich,  K.  NMR  of  Proteins  and  Nucleic  Acids;  John  Wiley:  New 
York,  1986;  pp  122-125. 
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Figure  4.  Amide  proton  region  of  ID  NMR  spectra  of  1-3  in  10%  D20/H20  at  pH  2.9,  22  °C.  Main-chain  amide  proton  signals  are  identified  for 
each  amino  acid  according  to  the  numbering  scheme  in  Table  2.  The  signal  for  Z4  is  from  the  N=CH  proton.  NHC  and  NHt  are  for  the  C-terminal 
cis  and  trans  carboxamide  protons.*  Hydrolysis  product  that  forms  slowly  at  pH  2.9. 


Figure  5.  Differences  in  the  chemical  shifts  for  the  main-chain  amide  protons  of  2  (shaded  bars)  and  3  (open  bars)  compared  with  those  for  1.  Data 
are  from  the  spectra  in  Figure  4 


proton)  and  A8  (J3  protons)  and  from  A7  (a  proton)  and  A 10 
(fi  protons)  were  then  added  back  to  give  respectively  2b  and 
2c  (Table  2)  to  unambiguously  identify  dafi(i9  i  +  3)  NOEs  for 
these  proton  pairs  (Figure  8c, d). 

Midrange  ^on0\  i  +  3)  and  da${i,  i  +  3)  NOEs  that  span 
cL2-cP3-Z4  and  A5-E6-A7  were  also  observed  for  3  (Figure 
7,9)  indicating  that  helix  nucleation  occurs  in  3  in  the  same 
manner  as  in  2.  Overlapping  signals  prevented  the  assignment 
of  midrange  NOEs  within  the  appended  peptide  of  3  except  for 


a  weak  NOE  that  was  observed  between  E6  aCH  and  K9  <3CH2. 
However,  a  similar  pattern  of  upfield  shifts  in  signals  for  the 
amide  protons  for  AAKA-NHdj  indicates  that  3  propagates  a 
helix  in  the  same  way  as  2  (Figure  5). 

The  3 10-helix,  a-helix  and  hybrid  3  io-a-helices  are  closely 
related  structures  that  are  difficult  to  distinguish  by  NMR 
spectroscopy. 20c,4°  However,  a  comparison  of  distances  for  the 

(40)  Osterhout,  J.  J.;  Baldwin,  R.  L.;  York,  E.  J.;  Stewart,  J.  M.;  Dyson, 
H.  J.;  Wright,  P.  E.  Biochemistry  1989,  28,  7059-7064. 
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Figure  6.  The  amide  proton  region  from  a  ROESY  spectra  of  2  in 
10%  D2O/H2O  at  pH  2.9,  19  °C  (upper  panel)  and  3  at  22  °C  (lower 
panel).  Cross-peaks  are  for  dm(i,  i  +  1)  NOEs  identified  according  to 
the  numbering  scheme  in  Table  2.  The  Z4-A5  NOE  is  for  Z4N~CH- 
A5N. 

3io-  and  a-helix  lead  to  several  predictions200,41  that  can  be  tested 
with  the  NOE  data  for  2  and  3.  Two  sets  of  distances  for  the 
3io-  and  a-helix,  derived  from  similar  models,  were  converted 
into  relative  NOE  intensities  (Table  4)  for  comparison.  Since 
NOE  intensities  are  to  a  first  approximation  proportional  to 
1/76,34  even  small  differences  in  models  can  affect  the  predicted 
NOE  intensities.  However,  these  uncertainties  do  not  affect  the 
following  predictions.41  (1)  a-helices  but  not  3io-helices  are 
predicted  to  display  very  weak  ^on(*»  i  +  4)  NOEs.  (2)  310- 
helices  are  predicted  to  display  very  weak  JonO*,  i  +  2)  NOEs 
and  weak  d^i,  i  +  3)  NOEs.  dox(i,  i  +  2)  NOEs  are  predicted 
to  be  negligible  for  the  a-helix.  (3)  For  an  a-helix,  the  relative 
intensities  of  NOEs  are  predicted  to  be  d^{i,  i  4-  3)  >  dm(i,  i 
+  1)  >  dax(i,  i  +  3)  NOEs.  For  a  3io-helix,  the  predicted  relative 
intensities  are  Jnn(*\  i  +  1)  >  d^{i,  i  +  3)  »  1.5  x  dax(i,  i  + 
3)  NOEs. 

The  NOE  data  for  2  and  3  strongly  support  an  a-helical 
structure  with  no  indication  of  a  3io  structure.  First,  a  veiy  weak 

(41)  Wiithrich,  K.  NMR  of  Proteins  and  Nucleic  Acids;  John  Wiley:  New 
York,  1986;  p  162-166. 
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Figure  7.  The  fingerprint  region  from  a  ROESY  spectra  of  2b,  [JLAZ]- 
A3EA4A!KA4-NH2  (upper  panel)  and  3  (lower  panel)  in  10%  D2O/ 
H20  at  pH  2.9  at  22  °C.  *  indicates  signals  from  a  small  amount  of 
hydrolysis  product  of  3  that  forms  at  low  pH.  N*  indicates  overlapping 
7om  and  7on  («,  1  +  1)  NOEs  to  the  indicated  NH. 

7on(/,  i  -F  4)  NOE  for  cL2-E6  (3)  is  observed  (see  Supporting 
Information).  Second,  for  2  and  3,  d^i,  1  +  3)  NOEs  for  cL2- 
A5,  cA3/cP3-E6,  and  Z4-A7  are  stronger  than  dm(i*  *  +  1) 
NOEs  for  A5-E6-A7  and  far  stronger  than  the  corresponding 
dan(i,  i  +  3)  NOEs  (Figures  7-9,  see  Supporting  Information 
for  stack  plot  for  3).  Overlapping  signals  prevented  a  determi¬ 
nation  of  whether  da^(i,  i  +  2)  NOEs  were  present  or  absent. 
Although  dm(i>  1  + 1)  NOEs  can  potentially  arise  from  unfolded 
forms  and  other  conformers,32b  any  contributions  from  these 
sources  would  be  additive.  This  would  lower  the  observed  ratio 
of  dap(i,  i  +  3)/dm(i,  i  +  1)  NOEs.  Instead,  d^ii,  i  +  3)  NOEs 
are  more  intense  than  7nn0\  1  +  1)  NOEs,  indicating  that  the 
a-helix  is  a  major  conformer.  Since  strong  dafi(i,  i  +  3)  NOEs 
span  [JL(A/P)Z]  and  -A5-E6-A7-  of  the  appended  peptide,  the 
observed  NOE  ratios  constitute  strong  evidence  for  a-helix 
nucleation  with  no  apparent  distortion  from  the  acylhydrazone 
link.  Similarly,  strong  d^{i,  i  +  3)  NOEs  for  A5-A8  and  A7- 
A 10  in  2  indicate  that  the  a-helix  is  propagated  to  the  carboxyl 
terminal  end. 

In  addition  to  the  evidence  for  an  a-helix,  the  observation  of 
strong  dan(i,  1  +  1)  NOEs  for  -AEAAKA-NHCu  for  2  and  3 
(Table  3,  Figure  7)  indicates  that  a  fraction  of  the  appended 
peptide  is  unfolded.34  Strong  da^(i,  i  +  1)  NOEs  are  charac¬ 
teristic  of  ^-extended  forms  (Table  4)  and  not  predicted  for  an 
a-helix.33  The  NMR  data  for  the  constrained  peptide  is  most 
readily  interpreted  in  terms  of  a  model  that  includes  unfolded 
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Figure  8.  The  afi  region  from  ROESY  spectra  for  2  and  deuterated  analogues  of  2  in  10%  D2O/H2O  at  pH  2.9  at  22  °C.  AID  slice  centered  on 
the  column  for  the  Ka  proton  is  superimposed  on  NOEs  from  the  column  to  indicate  the  relative  strengths  of  the  NOE  cross-peaks.  A:  2,  identifies 
cL2a-A5^,  cA3a-E6^,  and  Z4a-A7^  NOEs.  B:  2a,  [ JLAZ] A4E A4 A 1 K A4-NH2,  identifies  the  Kay  NOEs  by  eliminating  overlapping  NOEs.  C:  2b, 
[JLAZ]A3EA4A1KA4-NH2,  identifies  the  A5a-A8^  NOE.  D:  for  2c,  [ JL A Z] A4E A3 A4 KA1  -NH2,  identifies  the  A7a-A10?  NOE. 


Table  4.  Distances  in  A  Between  Designated  Pair  of  Protons  for 
Polyalanine  in  an  Antiparallel  /J-Strand,  3 10-Helix  and  a-Helixfl 

distances,  A  /^-strand"  3io-helix“  3io-helixft  a-helix0  a-helix6 

£/NN(i,*+l)  4.3(1.00)  2.6(1.00)  2.59(1.00)  2.8  (1.00)  2.57(1.00) 

dan(U+l)  2.2(55.00)  3.4(0.20)  3.47  (0.17)  3.5  (0.26)  3.51  (0.15) 

4xn0\  i  +  2)  3.8(0.10)  3.79(0.10)  4.4(0.07)  4.32(0.04) 

das(i,  i  +  3)  3.3(0.24)  3.42(0.24)  3.4(0.31)  3.43(0.17) 

daN(i,i  +  4)  5.54(0.01)  4.2(0.09)  4.18(0.05) 

dafi(i,i  +  3)  3.1  (0.35)  3.25(0.26)  2.5  (1.97)  2.65(0.83) 

0  Data  is  from  Wuthrich  et  al.33;  the  d^{i,  i  +  3)  distance  is  for  the 
closest  approach  of  a  ^-methyl  proton.  b  Based  on  helices  generated 
by  MSI  Insight  soft-ware.  The  alanine  /J-methyl  protons  are  staggered 
relative  to  the  alanine  a-proton.  The  distance  dafi(i,  i  +  3)  is  a  weight- 
averaged  distance  to  the  three  alanine  ^-methyl  protons.  Predicted 
intensities,  in  brackets,  are  relative  to  </nn(*\  1  +  1)  and  based  on  1  Id6. 

states  in  dynamic  equilibria  with  folded  states,  including  a  full- 
length  a-helix. 

Dihedral  Angles.  Since  Jon  coupling  constants  follow  the 
Karplus  equation,  they  are  predicted  to  fall  from  >6  Hz  for 
randomly  coiled  peptide  (9  Hz  for  the  extended  chain)  to  about 
4  Hz  for  an  ideal  a-helix.42  The  Ja n  coupling  constants  for  cL2 
(6.1  Hz)  and  cA3  (6.5  Hz)  in  2  are  higher  than  predicted  and 
indicate  that  the  carbonyl  oxygen  atoms  for  J1  and  cL2  tilt  out 
about  20°  on  a  weight-averaged  basis  from  the  axis  of  an  ideal 
a-helix.42  This  tilt  could  reflect  contributions  from  nonhelical 
forms  of  2  which  are  not  stabilized  by  hydrogen  bonding.  In  3, 
proline  (<p  ~  -60°)l5d  replaces  alanine  and  shifts  the  equilibrium 
further  toward  the  a-helix.  The  accommodation  of  a  bulky 
L-proline  with  a  constrained  <t>  angle  by  3  provides  an  important 
test  for  the  targeted  structure  (Figure  1)  that  is  well  met. 
Proline’s  ability  to  enhance  a-helix  nucleation  is  probably  due 
in  part  to  better  alignment  of  cL2  carbonyl  oxygen  along  the 
helix  axis. 

The  Ja n  coupling  constants  for  the  appended  peptide  on  2 
and  3  are  not  significantly  reduced  from  those  observed  in  1 

(42)  Calculated  on  the  basis  of  the  Karplus  relationship  that  applies  to  <p 
angles  in  proteins;  Wuthrich,  K.  NMR  of  Proteins  and  Nucleic  Acids;  John 
Wiley:  New  York,  1986;  pp  166—168. 


Figure  9.  The  afi  region  from  a  ROESY  spectrum  of  3  in  10%  D20/ 
H20  at  pH  2.9  at  22  °C.  Identifies  cL2a-A5^,  cP3a-E6^,  Z4a-A7^  and 
a  weak  E6a-K9^  NOEs.  a*  indicates  overlapping  afi  and  ay  NOEs. 
afi*  indicates  overlapping  A7  and  A 8°^  protons. 

(Table  3).  However,  coupling  constants  are  weight- averaged 
values  for  mixtures  of  different  conformers  that  could  contribute 
in  different  ways  to  the  observed  values.  It  has  been  noted  before 
that  /on  values  are  the  least  sensitive  NMR  parameter  for 
detecting  structure.32 

Temperature  Coefficients.  a-Helices  are  characterized  by 
sequential  (*,  i  +  4)  hydrogen  bonds  that  are  associated  with 
lowered  H~D  exchange  rates,  upfield  shifts  in  signals  for  main- 
chain  amide  protons  and  decreases  in  the  magnitude  of  amide 
proton  temperature  coefficients  (<6  ppb/K).32*35  Temperature 


Hydrogen  Bond  Mimic 
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coefficients  for  1—3  are  summarized  in  Table  3;  the  data  is 
plotted  in  the  Supplementary  Information. 

The  temperature  coefficients  for  1  are  >  6  ppb/K  except  for 
the  A5  amide  proton  (4.3  ppb/K).  This  indicates  that  a  fraction 
of  the  A5  amide  proton  is  sequestered,  probably  by  hydrogen 
bonding.  The  structure  formed  by  1  may  be  more  local  than 
propagated,  although  a  small  amount  of  helix  cannot  be  ruled 
out.43  The  upfield  shifts  in  signals  for  the  amide  protons  of 
-AAKA-NHn5  for  2  and  3  (Figure  5)  are  accompanied  by 
lowered  temperature  coefficients  from  approximately  6.3  ppb/K 

(1)  to  about  4  ppb/K  (2,  3)  as  expected  of  a  peptide  that  has 
been  stabilized  as  an  a-helix.  However,  changes  in  chemical 
shifts  and  temperature  coefficients  for  the  preceding  A5-E6 
amide  protons  diverge  from  the  norm  (Figure  5).  Specifically, 
the  signal  for  the  E6  amide  proton  moves  downfield,  and  its 
temperature  coefficient  decreases  slightly  from  6.0  (1)  to  5.9 

(2)  and  then  increases  to  7.6  ppb/K  (3).  This  would  normally 
indicate  that  the  E6  amide  proton  of  3  increases  its  exposure  to 
water  compared  to  1,  which  contradicts  the  conclusion  from 
the  NOE  data  that  3  nucleates  a-helix  formation.  The  corre¬ 
sponding  data  for  A5  shows  large  upfield  shifts  in  the  amide 
proton  signals  (Figure  5)  and  a  reduction  in  temperature 
coefficients  to  low  values  of  2.5  (2)  and  1.0  ppb/K  (3).  This 
trend  to  divergence  for  the  A5-E6  protons  is  accentuated  further 
for  a  related  peptide  in  2,2,2-trifluoroethanol.44  However,  H— D 
exchange  rates  for  A5-E6  amide  protons  were  both  depressed 
to  identical  low  values  in  2,2,2-trifluoroethanol.44  Thus  the  large 
differences  in  temperature  coefficients  for  the  A5-E6  amide 
protons  do  not  necessarily  reflect  differences  in  their  exposure 
to  solvent.  Instead,  it  is  probable  that  the  chemical  shifts  for 
the  amide  protons  of  A5-E6  (2,  3)  are  influenced  by  shielding 
effects  from  the  hydrazone  link.  In  an  a-helical  conformation 
the  A5-E6  amide  protons  abut  the  cyclic  peptide.  This  might 
account  for  downfield  shifts  in  the  signal  for  the  E2  amide 
proton  and  enhanced  upfield  shifts  in  signals  for  the  A5  amide 
proton.  The  higher  temperature  coefficients  for  E6  amide  protons 
(2,  3)  could  then  arise  from  the  added  effect  of  a  decrease  in 
a-helix  and  shielding  as  temperature  is  raised  (enhanced  upfield 
shifts  with  increasing  temperature)  while  an  opposite  effect  is 
predicted  for  A5  amide  protons  (dampened  upfield  shifts). 

The  amide  protons  for  -AAKA-NH2  (2  and  3)  which  lie 
beyond  the  shielding  effects  of  the  cyclic  peptide  shift  upfield 
as  predicted  for  an  a-helix.  This  agrees  with  the  NOE  data  that 
indicates  [JL(A/P)Z]AE  nucleates  a-helix  formation.  If  the  N 
termini  of  2  or  3  were  nonhelical,  the  observed  upfield  shifts 
for  the  -AAKA-NH2  amide  protons  would  not  be  expected.  Data 
for  the  amide  proton  chemical  shifts  and  temperature  coefficients 
are  thus  consistent  with  increasing  a-helix  stabilization  for  1—3. 
Indeed,  the  divergence  in  chemical  shifts  and  temperature 
coefficients  for  the  A5-E6  amide  protons  which  increases  from 
2  to  3,  more  likely  indicates  the  extent  of  a-helix  nucleation. 

(43)  Percent  a-helix  is  generally  calculated  from  the  mean  residue 
ellipticity,  ©222,  and  an  extinction  coefficient  based  on  the  length  of  the 
peptide  (21).  The  reference  state  for  0%  helix  is  ©222  =  0.  Since  ©222  = 
—  1268  for  1  at  pH  2.9,  22  °C,  1  forms  4%  a-helix  by  the  standard 
calculation:  calculated  from  a  ratio  of  ©222/©max,  where  ©max  =  *“39  500 
x  [1  -  (2.57/n]  (=  ~  29  349  for  n  =  10). 

(44)  A  comparison  of  chemical  shifts,  temperature  coefficients  and  H—D 
exchange  rates  for  the  amide  protons  of  acetyl- A5-E6(OEt)-E7(OEt)-E8- 
(OEt)-E9(OEt)2  (4)  was  made  with  those  for  [JLAZ]-A5-E6(OEt)-E7(OEt)- 
E8(OEt)-E9(OEt)2  (5)  in  2,2,2-trifluroethanol  and  2,2,2-trifluroethanol-di. 
The  E6  amide  proton  of  5  shows  a  large  disproportionate  downfield  shift 
relative  to  other  amide  protons  when  compared  with  4.  The  amide  proton 
temperature  coefficients  for  -AEEEE  (5)  are  0, 7.8, 4.0,  3.2,  and  3.9  ppb/K 
respectively;  Arrhenius,  T.;  Satterthwait,  A.  C,  unpublished  observations. 
The  relative  deuterium  exchange  rates  for -AEEEE  (4)  are  >  10,  >  10,  >  10, 
>10,  10,  respectively,  while  the  corresponding  rates  for  5  are  1,  1,  2,  2, 
and  5,  respectively.16 


Table  5.  Data  is  for  1-3  at  pH  2.9,  22  °Ca 


parameters  peptide  1  peptide  2  peptide  3 


CD  Spectral  Data 

1.  [©]i90»  deg*cm2/dmol  —9161 

1857 

13003 

2.  Amin,  nm  198 

202 

206 

NMR  Spectral  Data 

1.  <5  NH  upfield  shift,  Appm 

A7NH 

0.18 

0.27 

NHds 

0.07 

0.11 

2.  7n-c//-ch2,  Hz 

3.6,  8.2 

2.5,  9.5 

3.  C-terminal  carboxamide  protons,  Appm  0.50 

0.42 

0.38 

4.  Rnn  —  dm  (it  i  +  1)/<7oN  (/,  i  +  1) 

for  A5-E6 

0.39 

for  E6-A7 

0.23 

for  A10-NHCiS 

0.19 

5.  RaA  =  daf)(i,  i  +  3)/</<xn  ( i ,  /  +  1) 

for  cP3°-E6^/A5°-E6N 

1.15 

a  CD  spectral  data  are  from  Figure  3.  Differences  in  the  chemical 
shifts  for  the  amide  protons  for  2  and  3  are  relative  to  1;  data  is  from 
Figure  5.  Coupling  constants  are  from  spectra  in  Figure  4.  The 
differences  in  chemical  shifts  for  the  carboxamide  protons  were  derived 
from  temperature  dependence  data.  The  distance  data  are  based  on  NOE 
volumes  from  spectra  in  Figures  6-9. 

Correlates  of  a-Helicity.  A  comparison  of  the  CD  and  NMR 
data  for  1—3  reveals  several  measures  that  indicate  or  correlate 
with  increasing  a-helicity  and  provide  measures  for  estimating 
the  extent  of  a-helicity.  These  data  which  were  noted  above 
are  compared  in  Table  5.  Increasing  [0]i9o  and  Amin  in  the  CD 
spectra  are  characteristic  of  increasing  a-helicity.30  Upfield  shifts 
in  signals  for  the  -AAKA-NHC*  amide  protons  are  characteristic 
of  a-helical  peptides.35  Coupling  constants  for  the  hydrazone 
N=CH  proton  diverge,  whereas  chemical  shift  differences 
between  the  two  C-terminal  carboxamide  protons  converge, 
reflecting  conformational  change  over  the  full-lengths  of  2  and 
3.  The  <7NN(/,  1  +  1)  and  dafi(i,  i  +  3)  NOE  intensities, 
representative  of  an  a-helix,  increase  relative  to  da^(i,  i  +  1) 
NOE  intensities  which  are  representative  of  unfolded  forms.32*34 
The  observation  that  dap(i,  i  +  3)  NOE  intensities  are  similar 
to  a  <7on0\  i  +  1)  intensity  (Table  5,  stack  plots  for  3  in 
Supporting  Information)  despite  the  shorter  <7<xn0’,  /  +  1)  for 
extended  forms  (Table  4)  suggests  a  very  considerable  fraction 
of  a-helix.  The  general  trend  of  the  data  indicates  a  progressive 
shift  for  1—3  toward  a  larger  fraction  of  a-helix.  It  indicates 
that  the  substitution  of  L-proline  for  L-alanine  in  2  to  give  3 
improves  a-helix  stabilization  by  up  to  2-fold.  The  decrease  in 
upfield  chemical  shifts  for  the  A10-NHC*  amide  protons  (Figure 
5,  Table  5)  indicates  that  the  a-helix  frays  at  the  end. 

Estimates  of  the  percentage  of  helix  are  generally  based  on 
CD  measurements  —  the  mean  residue  ellipticity  at  222  nm, 
[0]222-21,26  For  1,  [0]222  =  —1268.  This  could  indicate  a  minor 
population  of  a-helix.43  However,  the  determination  of  the 
percentage  of  helix  from  low  ellipticity  values  is  very  dependent 
on  a  reference  value  for  the  unfolded  or  “coiled”  state.  It  is  not 
clear  what  this  reference  value  should  be  for  1.  Different  alanine- 
based  peptides  level  off  at  different  negative  values  of  [©E22 
as  temperatures  are  raised,  which  suggests  that  the  reference 
value  for  0%  helix  is  peptide-dependent.26  In  addition,  the  basic 
relationship  between  CD  and  helicity  is  not  well  understood.45 
A  theoretical  treatment  by  Manning  et  al.45  suggests  that  a 
minimum  length  (2-3  turns)  is  required  for  an  a-helix  CD 
spectrum,  that  [0]222  is  length-dependent  for  short  peptides,  and 
that  intensities  are  significantly  reduced  by  outward  tilting  of 
the  carbonyl  oxygen  group  from  the  helix  axis.  These  factors 
could  explain  several  differences  between  CD  spectra  and  other 

(45) .  Manning  M.  C.;  Illangasekare,  M.;  Woody,  R.  W.  Biophys.  Chem. 
1988,  37,  77-86. 
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measurements.6*45  For  2  and  3,  additional  problems  arise,  since 
the  acylhydrazone  link  very  likely  contributes  to  [©]222  in  a 
conformationally  dependent  manner  that  would  be  difficult  to 
correct  for. 

The  CD  data  leaves  uncertain  the  status  of  1  and  the  degree 
to  which  the  hydrazone  link  stabilizes  the  peptide  as  an  a-helix. 
The  NMR  data  for  1—3,  however,  identifies  a  new  measure 
that  is  precise,  easy  to  acquire,  and  very  sensitive  to  changes  in 
a-helical  content.  The  decrease  in  Appm  for  the  two  C-terminal 
carboxamide  amide  protons  for  1—3  is  striking  (Table  5).  Since 
1-3  differ  at  their  N  termini,  far  removed  in  space  from  the  C 
termini,  the  changes  in  the  carboxamide  protons  are  almost 
certainly  related  to  the  degree  to  which  a  full-length  a-helix  is 
formed.  As  the  percentage  of  full-length  helix  increases  from 
1-3,  the  difference  in  the  chemical  shifts  for  the  carboxamide 
protons  decreases  from  0.50  to  0.38  ppm.  Consequently,  this 
simple  measure  can  be  used  to  detect  small  changes  in  the 
amount  of  full-length  a-helix. 

This  prompted  us  to  measure  the  differences  in  chemical  shifts 
for  the  C-terminal  carboxamide  protons  of  acetyl-AEAAKA- 
NH2.  A  small  increase  from  Appm  =  0.50  ppm  for  1  to  Appm 
—  0.52  ppm  for  acetyl-AEAAKA-NH2  was  observed  for 
measurements  made  under  the  same  conditions.  This  small 
difference,  AAppm  =  0.02,  indicates  that  acetyl-GLAG  has  very 
little  effect  on  the  C-terminal  end  of  1.  It  provides  a  reference 
for  measuring  the  effectiveness  of  [JLAZ]-  and  [JLPZ]-  at 
propagating  a  full-length  a-helix.  The  absolute  change  in 
AAppm  for  the  C-terminal  carboxamide  protons  increases  from 
1  (0.02)  to  2  (0.10)  to  3  (0.14)  indicating  significant  stabilization 
of  the  peptide  as  an  a-helix  in  aqueous  solution  at  22  °C  by 
the  hydrogen  bond  mimic. 

Discussion 

The  development  of  a  solid-phase  synthesis  for  replacing 
main-chain  hydrogen  bonds  with  the  hydrazone  link  reduces 
the  assembly  time  of  a-helical  peptides  from  6  weeks  to  3  days 
and  improves  overall  yields  at  least  10-fold.  The  assembly 
process  is  also  amenable  to  automation  and  multiple  peptide 
syntheses.  It  requires  little  more  effort  to  assemble  an  a-helical 
peptide  than  a  peptide.  Although  yields  depend  on  the  individual 
peptide,  the  solid-phase  synthesis  makes  accessible  constrained 
peptides  that  were  previously  inaccessible.  This  development 
provides  the  wherewithal  for  assessing  whether  the  hydrazone 
link  is  a  hydrogen  bond  mimic  and  whether  it  can  be  used  in  a 
general  sense  to  constrain  peptides  to  a  range  of  conformations 
defined  by  different  hydrogen-bonding  patterns  (Table  1). 

Hydrazone  Link.  Conformational  analysis  of  1-3  by  NMR 
spectroscopy  clearly  indicates  that  the  hydrazone  link  stabilizes 
a  peptide  as  a  full  length  a-helix  in  water.  These  studies  further 
establish  that  the  -N=CH-  bond,  like  the  hydrogen  bond, 
positions  itself  “ciV*  to  the  main-chain  peptide  bond  (Figure 
1).  NOE  patterns  for  amino  acids  that  span  the  hydrazone  link 
(Table  3)  indicate  that  it  fits  well  into  an  a-helix  in  agreement 
with  model  building.  A  further  indicator  of  the  preference  of 
the  mimic  for  a  “ciV*  position  is  provided  by  3.  Whereas  X-Pro 
peptide  bonds  form  cis,trans  equilibria,37  the  Leu-Pro  peptide 
bond  shifts  to  an  all-trans  geometry  in  3  indicating  that  the 
hydrazone  link  satisfies  the  need  for  a  cis  bond  better  than 
L-proline.  The  hydrazone  link  also  positions  itself  “ciV'  in  larger 
loops,17  demonstrating  that  this  preference  in  2  and  3  is  not 
dictated  by  the  small  ring  size.  Presumably,  this  preference  is 
steric;  the  — N—CH-  link  is  less  bulky  than  -CH2-CO“. 

An  important  property  of  the  hydrogen  bond  is  its  unique 
flexibility.  This  provides  the  hydrogen  bond  with  a  capacity  to 
adapt  to  different  angles  and  lengths  required  by  the  different 


conformations  that  it  defines  in  proteins.14  The  propylene 
extension  of  the  hydrazone  is  also  flexible  and  provides  the 
linker  with  a  capacity  to  adjust  to  different  amino  acids  and 
peptide  conformations.17’36  While  the  — N=CH—  bond  length 
and  angles  are  fixed  and  differ  somewhat  from  the  mean  values 
for  hydrogen  bonds  in  proteins,24  its  preference  for  the  “cis” 
position,  small  size,  and  the  flexibility  of  the  linker  are  sufficient 
for  satisfying  many  of  the  properties  required  of  a  hydrogen 
bond  mimic. 

a-Helix  Nucleation.  The  observation  that  a  hydrazone  link 
stabilizes  an  a-helix  implies  that  enforcing  one  hydrogen  bond 
is  sufficient  for  stabilizing  an  a-helical  conformation  in  water. 
The  hydrazone  link  creates  a  nucleation  site  (NucSite)  overcom¬ 
ing  the  most  significant  energy  barrier  to  a-helix  formation  in 
agreement  with  the  Zimm-Bra gg  model  for  a-helix  formation.46 
Once  the  initial  turn  of  an  a-helix  is  made,  further  turns  are 
propagated.  The  propagation  of  the  hexapeptide  extension, 
-AEAAKA-NH2,  as  a  full-length  a-helix  in  water  sets  a  lower 
limit  on  the  number  of  turns  (<2)  that  can  be  propagated  as  a 
full-length  a-helix  in  water. 

NucSites  are  functionally  related  to  templates. 2,20,21  However, 
they  differ  in  design.  Indeed,  template  designs  differ,  reflecting 
a  rich  diversity  of  possibilities.  NucSites  are  formally  character¬ 
ized  by  a  main-chain  link  that  can  encompass  different  amino 
acids.  Templates  include  side-chain  linked  di-20a_c  and  tri- 
prolines20f  and  nonpeptidomimetic  helix  inducers.2,21  The  type 
and  extent  of  helix  propagation  is  a  function  of  the  number  of 
hydrogen  bond  acceptors  on  the  nucleation  site,  their  disposition 
in  space,  and  the  strength  of  hydrogen  bonds  between  the 
appended  peptide  and  the  nucleation  site  versus  the  strength  of 
hydrogen  bonding  to  solvent. 

NucSites  and  templates  share  a  common  feature,  three 
carbonyl  oxygen  groups.  Three  hydrogen  bond  accepting  groups 
can  potentially  propagate  in  addition  to  the  a-helix,  several  other 
helices  including  the  3io-,  hybrid  3io-a  and  mixed  3io-a 
helices. 15(1,47  The  3 10-helix  which  is  often  found  at  the  carboxyl 
termini  of  a-helices  in  proteins  is  characterized  by  sequential 
(1  +  3  — *  i)  hydrogen  bonds  and  is  more  tightly  wound. 15d,47a 
One  consequence  of  this  is  that  side  chains  are  projected  in 
different  orientations. 15d,47a  Although  the  a-helix  is  generally 
more  stable,473  interconversion  between  the  a-helix  and  310- 
helix  is  readily  achieved.200,473  Since  NucSites  and  templates 
present  only  three  hydrogen  bond  accepting  groups,  a  fourth 
hydrogen  bond  must  be  accommodated  to  nucleate  an  a-helical 
turn.  This  can  be  achieved  in  different  ways. 

Kemp  and  co-workers  have  reported  extensive  studies  on  the 
templated  peptide,  Ac-Heli-Ala6-OH,  in  a  variety  of  solvents.200,0 
Ac-Heli  is  characterized  by  three  amide  carbonyl  oxygens. 
Back-bonding  from  the  first  three  amino  acids  appended  to  the 
template  could  lead  to  a  3 10-  or  3io-a-helical  tum.20c  To 
propagate  an  a-helical  turn,  the  amide  linking  the  template  to 
peptide  must  forego  hydrogen  bonding  to  the  template  in  order 
for  the  next  three  amide  groups  to  hydrogen  bond  to  the  three 
accepting  carbonyl  oxygen  atoms  on  the  template.200  NOE  data 
for  Ac-Heli  in  water  indicated  helix  stabilization.200  In  20  mol 
%  trifluoroethanol- water,  NOEs  that  were  characteristic  of  both 
a  3 10  and  a-helix  were  detected, 20e  suggesting  that  solvent  can 
participate  in  a-helix  propagation. 

(46)  Zimm,  B.  H.;  Bragg,  J.  K.  J.  Chem.  Phys.  1959,  31,  526-535. 

(47)  (a)  Toniolo,  C.;  Benedetti,  E.  Trends  Bio  chem.  Sci.  1991, 16,  350— 
353.  (b)  Toniolo,  C.;  Benedetti,  E.  Macromolecules  1991,  24, 4004—4009. 
(c)  Karle,  I.  L.;  Flippen-Anderson,  J.  L.;  Gurunath,  R.;  Balaram,  P.  Protein 
Sci.  1994,  3,  1547—1555.  Karle,  I.  L.;  Gurunath,  R.;  Prasad,  S.;  Rao,  R. 

B. ;  Balaram,  P.  lnt.  J .  Pept.  Protein  Res.  1996,  47,  376—382  (d)  Toniolo, 

C. ;  Polese,  A.;  Formaggio,  F.;  Crisma,  M.;  Kamphuis,  J.  J.  Am.  Chem. 
Soc.  1996,  118,  2744-2745 
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Bartlett  and  coworkers21  devised  another  solution.  They 
observed  little  helix  propagation  by  N-linked  templates,  9-N. 
However,  when  the  amide  group  that  linked  the  peptide, 
-AAEALAKA-NH2,  to  the  template  was  replaced  with  an  ester, 
the  resulting  S,S-9-0  templated  peptide  displayed  an  a-helix- 
like  CD  spectrum  in  water.  They  attributed  the  lack  of  helix 
propagation  by  the  9-N  template  to  an  initial  nonproductive  310- 
like  hydrogen  bond.  By  replacing  the  linking  amide  with  an 
ester,  the  initial  hydrogen  bond  was  eliminated,  making  way 
presumably  for  the  following  amino  acids  to  hydrogen  bond  to 
carbonyl  oxygens  on  the  template— a  carboxylate  anion,  carbonyl 
oxygen  and  ester  carbonyl  oxygen  were  available  for  the 
propagation  of  an  a-helix. 

A  different  approach  to  template  design  was  taken  by  Muller 
et  al.2  They  described  two  templates  that  incorporate  the  initial 
amide  link  to  the  appended  peptide  into  the  template,  either  as 
a  secondary  lactam  or  imide  which  replaced  the  initial  amide 
hydrogen.  These  templates  provide,  in  addition,  either  two 
carbonyl  oxygens  and  a  “relay”  lactam  carbonyl  oxygen  or  two 
carboxylate  oxygens  and  a  “relay”  imide  carbonyl  oxygen  which 
are  available  for  a-helix  propagation. 

NucSites  establish  an  a-helix  by  replacing  the  initial  N- 
terminal  (/,  i  +  4)  connection  with  an  acylhydrazone  link.  The 
two  amide  carbonyl  oxygens  and  a  third  “relay”  carbonyl  oxygen 
atom  from  the  acylhydrazone  (Figure  1)  provide  hydrogen 
bonding  sites  for  the  following  three  appended  amino  acids, 
-AEA.  Thus,  each  of  the  four  amide  protons  in  the  first 
propagated  turn  of  an  a-helix  are  accommodated. 

a-Helix  Stability.  The  average  size  of  an  a-helix  in  a  globular 
protein  is  about  11  residues48a  with  88%  of  helices  from  a 
representative  sample  of  proteins  between  4  and  1 5  amino  acids 
in  length.253  Although  a  few  native  peptides  in  this  size  class 
form  detectable  levels  of  a-helices  in  water  at  low  temperatures 
(3—7  °C) ,22h’49  many,  including  longer  peptides  (>  15  residues) 
from  the  helical  regions  of  proteins  do  not.50  NucSites, 
templates,2-20'21  and  other  methods22-23  might  therefore  find  use 
in  stabilizing  native  peptides  as  a-helices.  However,  the  amino 
acid  sequences  of  protein  helices  are  diverse  and  include  helix- 
destabilizing  as  well  as  helix-stabilizing  amino  acids.  The  helix 
propensities  of  amino  acids  have  been  reviewed  48b-51  Model 
studies  with  alanine-rich  peptides  suggest  that  very  little  helix 
formation  is  expected  for  peptides  not  rich  in  alanine.48b  On 
the  other  hand,  sequence-dependent  effects  have  been  observed 
to  play  important  roles  in  helix  stability,  suggesting  a  compli¬ 
cated  reality.40-52  To  sort  out  these  effects,  it  may  be  important 
to  stabilize  native  peptides  as  helices  in  water.  Consequently, 
it  is  of  interest  that  a  parallel  study  indicates  that  NucSites 
stabilize  a  native  peptide  sequence  as  an  a-helix.53  Stabilizing 

(48)  (a)  Scholtz,  J.  M.;  Baldwin,  R.  L.  Annu.  Rev.  Biophys.  Biomed. 
Struct.  1992,  27,  95-118.  (b)  Chakrabartty,  A.;  Baldwin  R.  L.  Adv.  Protein 
Chem.  1995,46,  141-176. 

(49)  (a)  Bierzynski,  A.;  Kim,  P.  S.;  Baldwin,  R.  L.  Proc.  Natl.  Acad. 
Sci.  U.S.A.  1982,  79,  2470-2474. 

(50)  Reymond,  M.  T.;  Merutka,  G.;  Dyson,  H.  J.;  Wright,  P.  E.  Protein 
Sci.  1997,  6,  706-716. 

(51)  Woolfson,  D.  N.;  Alber,  T.  Protein  Eng.  1995,  4,  1596-1607. 
Schneider,  J.  P.;  Lombardi,  A.;  DeGrado,  W.  F.  Folding  Des.  1998, 3,  R29- 
R40. 

(52)  Lesk,  A.  M.  Nature  1991,  352 ,  379-380;  Serrano,  J.;  Sancho,  J.; 
Fersht,  A.  R.  Nature  1992,  356 , 453-455.  Zerkowski,  J.  A.;  J.  A.;  Powers, 
E.  T.;  Kemp,  D.  S.  J.  Am.  Chem.  Soc.  1997,  119,  1153—1154.  Williams, 
L.;  Kather,  K.;  Kemp,  D.  S.  J.  Am.  Chem.  Soc.  1998,  120,  11033-11043. 

(53)  A  peptide  (underlined)  from  MSP- 1,  a  Plasmodium  falciparum 
merozoite  protein,  was  inserted  into  acetyl-GLAGALFQKEKMAKA-NH2 
and  [JL(A/P)Z]ALFQKEKMAKA-NH2.  ID  and  2D  NMR  experiments, 
similar  to  those  reported  for  1—3,  show  that  the  constrained  peptide  is 
stabilized  as  an  a-helix  in  10%  D20/H20  at  pH  5.0  at  ambient  tempera¬ 
ture:  Cabezas,  E.  and  Satterthwait,  A.  C.,  unpublished  data. 


native  peptides  as  a-helices  could  aid  studies  on  protein  folding 
by  identifying  determinants  of  helix  stability49’54  and  enhance 
the  activities  of  peptides  for  specific  reactions8d’22a’55  or  for 
general  peptide  screening  4’5b>c 

Wider  Role.  In  principle,  a  hydrogen  bond  mimic  could  be 
used  to  stabilize  peptides  in  different  conformations  defined  by 
position  and  sequence  (Table  1).  The  solid-phase  synthesis  for 
insertion  of  the  hydrazone  link  into  a  peptide  provides  a  facile 
method  for  exploring  this  possibility.  Medium-sized  loops  have 
been  prepared  by  extending  Z  with  increasing  numbers  and 
varied  sequences  of  amino  acids  before  capping  with  J  as  is 
being  reported  separately.9,17 

Conclusion 

The  hydrazone  link  was  substituted  for  an  (i  +  4  — *  i ) 
hydrogen  bond  at  the  N  terminus  of  a  short  peptide  stabilizing 
it  as  a  full-length  a-helix  in  water  at  ambient  temperature  as 
indicated  by  NMR  spectroscopy.  The  link  is  stable  for  long 
periods  under  physiological  conditions  of  pH  and  temperature. 
The  advantages  of  the  current  method  are  that  (1)  it  provides 
the  first  solid-phase  synthesis  of  an  a-helix  nucleation  site,  (2) 
the  synthesis  is  rapid,  convenient,  and  capable  of  high  yields, 
(3)  the  nucleation  site  can  accommodate  different  amino  acids, 
and  (4)  the  same  synthetic  protocol  can  be  combined  with 
multiple  peptide  synthesis  procedures  to  synthesize  different 
structures  simultaneously. 

This  work  establishes  the  hydrazone  link  as  a  hydrogen  bond 
mimic,  that  a  hydrogen  bond  mimic  is  sufficient  for  stabilizing 
a  biologically  relevant  conformation  in  water,  and  that  it  is 
flexible  enough  to  allow  different  amino  acid  sequences  to  exert 
their  natural  conformational  preferences. 

Experimental  Section 

General.  Acetone,  acetonitrile,  dichloromethane,  /V,7/-dimethylfor- 
mamide,  N-methylpyrrolidone,  methanol,  and  2-propanol  from  Burdick 
and  Jackson  were  of  high  quality  and  were  used  without  further 
treatment.  Ethyl  hydrazinoacetate  hydrochloride,  1-hydroxybenzo- 
triazole  hydrate  (HOBt),  7/,N-diisopropylethylamine,  2,2,2-trifluoro- 
ethanol,  deuterium  oxide,  chloroform-di,  and  ninhydrin  were  from 
Aldrich.  7V,/V-diisopropylethylamine  was  purified  by  distillation  and 
stored  over  4- A  sieves.  Trifluoroacetic  acid  (TFA)  was  from  Pierce 
Chemical  Co.  Benzotriazole-l-yl-oxy-tris-pyrrolidino-phosphonium 
hexaflurophosphate  (PyBOP)  and  9-fluorenylmethyl  chloroformate 
(Fmoc-Cl)  were  from  NovaBiochem.  /V-a-Fmoc-L-amino  acids,  N,N- 
dicyclohexylcarbodiimide  (DIC),  and  4-(2',4/-dimethoxyphenyl-Fmoc- 
aminomethyl)-phenoxy  resin  (Rink  resin)  were  from  Advanced  Chem 
Tech.  Fmoc  corresponds  to  the  9-fluorenylmethyloxycarbonyl  group. 
L-Alanine-2-dj,  l-alanine-3,3,3-</3  and  L-alanine-</4  were  from  MSD 
Isotopes.  The  pH  test  strips  0—14.0  (P4536)  were  from  Sigma.  All 
amino  acids  are  L-amino  acids.  Proton  chemical  shifts  are  relative  to 
tetramethylsilane  except  were  noted. 

Resin  packets  were  made  from  style  67221030  polypropylene  fabric 
from  Synthetic  Industries,  Gainesville,  GA,  by  sealing  with  a  TISH- 
300  Impulse  sealer  from  San  Diego  Bag  and  Supply.  Shaking  was 
carried  out  on  an  Eberbach  6010  two-speed  reciprocating  platform 
shaker. 

5,5-Dimethoxy-l-oxopentanoic  Acid  Methyl  Ester.  The  compound 
was  synthesized  according  to  Stevens  and  Lee.27 

5,5-Dimethoxy-l-oxopentanoic  Acid  (J).  The  compound  was 
prepared  by  adding  5,5-dimethoxy-l-oxopentanoic  acid  methyl  ester 
(10  g,  56.8  mmol)  to  a  solution  of  sodium  hydroxide  (3.028  g,  75.7 

(54)  Kemp,  D.  S.;  Oslick,  S.  L.;  Allen,  T.  J.  J.  Am.  Chem.  Soc.  1996, 
118,  4249-4255.  Renold,  P.;  Kwok,  Y.  T.;  Shimizu,  L.  S.;  Kemp,  D.  S.  J. 
Am.  Chem.  Soc.  1996,  118,  12234-12235. 

(55)  Chorev,  M.;  Roubini,  E.;  McKee,  R.  L.;  Gibbons,  S.  W.;  Goldman, 
M.  E.;  Caulfield,  M.  P.;  Rosenblatt,  M.  Biochemistry  1991,  30,  5968— 
5974. 
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mmol)  in  100  mL  of  an  equivolume  mixture  of  methanol  in  water  and 
stirred  for  2  h  at  room  temperature.  The  reaction  mixture  was 
rotoevaporated,  and  the  residue  was  dissolved  in  a  mixture  of  50  mL 
of  water,  added  to  100  mL  of  ethyl  acetate,  and  cooled  to  ice 
temperature.  The  mixture  was  vigorously  stirred  and  acidified  to  pH 
2—3  with  1  N  hydrochloric  acid.  The  pH  was  monitored  by  spotting 
pH  0—14  test  strips.  The  organic  and  aqueous  layers  were  immediately 
separated,  and  the  aqueous  layer  was  extracted  with  100  mL  of  ice- 
cold  ethyl  acetate.  The  combined  organic  layers  were  washed  with  100 
mL  of  ice-cold  brine,  dried  over  magnesium  sulfate,  filtered,  and 
rotoevaporated  to  yield  8.2  g  (88%)  of  a  colorless  oil.  !H  NMR  (CDCI3) 
(5  1.55-1.8  (m,  4),  2.2-2.6  (m,  2),  3.33  (s,  6),  4.39  (t,  1).  Anal.  Calcd 
for  C7H14O4  C,  51.8;  H,  8.7.  Found  C,  50.58,  50.65;  H  8.88,  8.75.  FAB 
MS  Calcd  (MNa+)  185.0790;  found  185.0793.  J  is  stable  for  >1  year 
at  -  20  °C. 

(l-Methylethylidene-2-Fmoc)hydrazinoacetic  Acid  (Fmoc-Z(Act). 
The  compound  was  synthesized  by  dissolving  ethyl  hydrazi noacetate 
hydrochloride  (15.4  g,  100  mmol)  in  300  mL  of  an  equivolume  mixture 
of  water  and  acetone,  refluxing  for  10  min,  and  cooling  to  room 
temperature.  Sodium  hydroxide  (8.4  g,  210  mmol)  was  added  to  the 
reaction  mixture  and  stirred  for  30  min  at  room  temperature  to  hydrolyze 
the  ester.  Sodium  carbonate  (10.6  g,  100  mmol)  was  dissolved  in  50 
mL  of  water  and  added  to  the  reaction  mixture,  and  the  mixture  was 
cooled  to  ice  temperature.  A  solution  of  9-fluorenylmethyl  chloro- 
formate  (25.9  g,  100  mmol)  in  50  mL  of  dioxane  was  added  dropwise 
to  the  reaction  mixture  during  1  h  with  stirring.  Stirring  was  continued 
for  15  h  while  the  reaction  mixture  came  to  room  temperature.  The 
reaction  mixture  was  rotoevaporated  and  the  residue  suspended  in  200 
mL  of  ice-cold  ethyl  acetate.  This  mixture  was  then  vigorously  stirred 
and  acidified  to  pH  3  by  adding  1  N  HCI.  The  two  phases  were 
separated,  and  the  aqueous  phase  was  extracted  with  200  mL  of  ethyl 
acetate.  The  ethyl  acetate  extracts  were  combined,  extracted  with  brine, 
and  dried  with  magnesium  sulfate.  After  filtration  and  rotoevaporation 
to  dryness,  the  product  was  dissolved  in  100  mL  of  acetone,  refluxed 
for  10  min,  and  again  rotoevaporated  to  dryness.  Crystallization  from 
ethyl  acetate  with  hexane  yielded  31.4  g  (80.7%)  of  white  crystals: 
mp  146-148  °C;  »H  NMR  (acetone-^)  6  1.5-1.75  (br  s,  2),  1. 7-2.0 
(br  s,  4),  4.19  (m,  2),  4.27  (m,  1),  7.33  (dd,  2,  7  =  7.4,  7.4),  7.42  (dd, 
2,7  =  7.4,  7.5),  7.68  (d,  2,  J  =  7.4),  7.87  (d,  2,7  =  7.6),  1 1.06  (s,  1). 
Anal.  Calcd  for  C20H20N2O4  C,  68.17;  H,  5.72;  N,  7.95.  Found  C,  67.97; 
H,  5.71;  N,  7.85.  FAB  MS  Calcd  (MH+)  353.1422;  found  353.1511. 
Fmoc-Z(Act)  is  stable  when  stored  dry  at  4  °C. 

A-a-Frnoc-L-alanine^-rfj,  A-a-Fmoc-L-alanine-3,3,3-d3  and  N-a- 
Fmoc-L-alanine-tf4*  The  compounds  were  prepared  according  to 
Lapatsanis  et  al.;56  mp  142—143  °C  [A-a-Fmoc-L-alanine,  lit.  =  142— 
143  °C]. 

JV-a-Fmoc-L-alanine  chloride  and  A-a-Fmoc-L-proline  chloride. 
The  compounds  were  prepared  by  the  procedure  of  Carpino  et  al.28 
The  crystalline  products  were  dried  under  vacuum  to  remove  trace 
amounts  of  hydrochloric  acid.  Both  compounds  were  >97%  pure  by 
the  methanol  test.28 

Fmoc-Z(Act)-Ala-Glu(NBut)-Ala-Ala-Lys(*-Boc)-Ala-Rink  Resin. 
The  compound  was  assembled  on  4-(2',4'-dimethoxyphenyl-Fmoc- 
aminomethyl)-phenoxy  resin  (Rink  resin)  (100  mg,  0.046  mmol)  sealed 
in  a  2  cm2  polypropylene  mesh  packet.57  The  packet  was  included 
among  several  packets  for  simultaneous  multiple  peptide  synthesis.57 
The  resin  packets  were  placed  in  capped  30-mL  or  60-mL  wide-mouth 
polyethylene  bottles  for  common  wash  and  deprotection  steps.  Wash 
solutions  were  added  to  the  packets  in  the  bottle,  shaken  for  1  min  on 
a  platform  shaker,  and  poured  off.  Single  packets  were  placed  in  capped 
2-mL  micro  tubes  for  coupling  reactions.  Otherwise,  when  several 
packets  required  the  same  amino  acid,  they  were  combined  and  reaction 
solutions  scaled  up  for  coupling  in  a  capped  bottle.  The  following 
protocol  reports  the  reagents  required  for  a  synthesis  with  one  packet. 

A  standard  coupling  cycle  involved  the  following  steps:  (1)  The 
resin  was  swelled  in  its  packet  by  shaking  with  5  mL  of  dichlo- 
romethane  and  then  washed  with  5  mL  of  A,A-dimethyIformamide. 

(56)  Lapatsanis,  L.;  Milias,  G.;  Froussios,  K.;  Kolovos,  M.  Synthesis 
1983,  671-673. 

(57)  Houghten,  R.  A.;  De  Graw,  S.  T.;  Bray,  M.  K.;  Hoffman,  S.  R.; 
Frizzell,  N.  D.  Biotechniques  1986,  4,  522-528. 


(2)  The  Fmoc-protecting  group  was  cleaved  from  the  protected  peptide— 
resin  with  5  mL  of  20%  piperidine  in  A,A-dimethylformamide  for  10 
min,  and  the  resin  was  washed  four  times  with  5  mL  of  A,A- 
dimethylformamide,  once  with  5  mL  of  2-propanol,  once  with  5  mL 
of  dichloromethane,  and  once  with  5  mL  of  A-methylpyrrolidone.  (3) 
Coupling  was  carried  out  with  A-a-Fmoc-L-amino  acid  (0.092  mmol) 
or  Fmoc-Z(Act)  (32.5  mg,  0.092  mmol),  1-hydroxybenzotriazole  (12.4 
mg,  0.092  mmol),  benzotriazole-l-yl-oxy-tris-pyrrolidino-phosphonium 
hexaflurophosphate  (47.9  mg,  0.092  mmol),  and  A,A-diisopropylethy- 
lamine  (0.032  mL,  0.184  mmol)  in  1  mL  of  A-methylpyrrolidone  by 
shaking  for  30  min.  After  the  coupling  reaction,  the  resin  was  washed 
twice  with  methylene  chloride  and  air-dried.  A  small  amount  of  resin 
was  removed  from  the  resin  packet  and  tested  for  primary  amine  by 
the  Kaiser  ninhydrin  test.58  The  coupling  step  was  repeated  if  necessary. 

J-Leu-Ala-Z(Act)-Ala-Glu(NBut)-Ala-Ala-Lys(f-Boc)-AIa-Rink 
Resin.  Peptide  assembly  was  continued  from  above  in  exactly  the  same 
manner  except  for  the  coupling  (step  3)  of  Fmoc-L-alanine  chloride  to 
Z(Act).  Since  the  acetone-protecting  group  on  Z(Act)  is  labile  to  strong 
acids,  it  is  critical  that  Fmoc-L-alanine  chloride  be  freed  of  adventitious 
hydrochloric  acid  by  briefly  drying  it  under  vacuum.  A-a-Fmoc-L- 
alanine  chloride  (30.3  mg,  0.092  mmol)  was  dissolved  in  1  mL  of 
A-methylpyrrolidinone,  added  to  the  resin  packet,  and  briefly  shaken 
before  adding  0.016  mL  of  A,A-diisopropylethylamine  (0.092  mmol). 
Shaking  was  continued  for  15  min.  The  Kaiser  ninhydrin  test  is  not 
applicable  for  this  reaction.  Fmoc-L-leucine  (32.5  mg,  0.092  mmol) 
and  then  J  (17  mg,  0.092  mmol)  were  coupled  to  the  peptide  resin 
using  the  coupling  protocol  for  Fmoc-amino  acids.  Following  the 
addition  of  J,  the  resin  packet  was  washed  four  times  with  5  mL  of 
methylene  chloride  and  air-dried. 

[J-Leu-AIa-Z]-AIa-Glu(/-But)-Ala-Ala-Lys(f-Boc)-Ala-Rink  Resin. 
The  dry  resin  packet  from  the  previous  step  was  shaken  for  15  min  in 
a  15  mL  solution  of  20%  2,2,2-trifluoroethanol  in  methylene  chloride 
that  had  been  premixed  with  0.02  mL  4  N  hydrochloric  acid  in  dioxane 
(5.3  mM  final).  The  resin  packet  was  washed  four  times  with  5  mL  of 
dichloromethane.  A  slight  pink  coloring  of  the  resin  was  used  as  an 
indicator  that  sufficient  acid  had  been  added  for  cyclization. 

[J-Leu-Ala-Z]-Ala-Glu-Ala-AIa-Lys-Ala-NH2  (2).  The  cyclic  pep¬ 
tide-resin  from  the  previous  step  was  added  to  15  mL  of  10% 
trifluoroacetic  acid  in  dichloromethane  in  a  capped  polypropylene  bottle 
and  shaken  for  15  min.  The  solution  containing  the  cleaved  protected 
peptide  was  removed  and  the  packet  treated  again  in  the  same  manner. 
The  acidic  solutions  were  combined  and  rotoevaporated  to  leave  a 
residue  that  was  treated  with  2  mL  of  trifluoroacetic  acid  for  15  min. 
Peptide  was  precipitated  from  the  acid  solution  by  adding  30  mL  of 
cold  diethyl  ether.  The  precipitate  was  centrifuged,  washed  with  cold 
diethyl  ether  and  dissolved  in  1  mL  10%  acetonitrile  in  water. 

The  crude  product  was  initially  analyzed  by  high-pressure  liquid 
chromatography  (HPLC)  on  a  Merck  Lichrosorb  analytical  C-18  column 
(4.6  x  25  mm,  10  micron).  Products  were  eluted  with  a  100%  water- 
100%  acetonitrile  gradient  in  0.1%  TFA  over  15  min  at  2  mL/min. 
The  chromatogram  (Figure  2)  showed  one  major  product,  2,  and  two 
minor  products,  A  and  B.  These  products  were  separated  by  HPLC  on 
a  Vydac  preparative  C-18  column  (201TP1022,  2.2  x  25  cm,  10  fx m) 
by  eluting  with  a  100%  water-60%  acetonitrile  gradient  in  0.1% 
trifluoroacetic  acid  over  40  min  at  5  mL/min.  Fractions  were  Iyophilized 
to  yield  19.2  mg  of  2  (47%  yield,  based  on  initial  resin  loading).  2 
was  identified  by  NMR  spectroscopy  and  FAB-MS:  Calcd  (MH+)  896; 
Obsd  896.  HR  FAB-MS:  Calcd  (M+Cs+)  1027.3977;  Obsd  1027.4019 

The  A  and  B  fractions  from  several  HPLC  runs  were  combined  and 
purified  further  for  analysis.  A  was  identified  as  a  dimer  of  2  by  low 
resolution  (LR)  FAB  MS:  Calcd  (MH+)  1791;  Found  1791.  B  was 
identified  as  an  isomer  of  2  by  FAB  MS:  895.5001,  Found  895.5109. 
*H  NMR  (10%  D2O/90%  H20)  of  A  but  not  B  showed  a  signal  at  7.21 
ppm  (dd,  1)  that  is  characteristic  of  a  hydrazone  N=CH  proton. 

[J-Leu-Pro-Z]-Ala-Glu-Ala-Ala-Lys-Ala-NH2  (3).  The  compound 
was  synthesized  by  the  same  procedure  as  2  but  with  A-a-Fmoc-L- 
proline  chloride  used  in  place  of  A-a-Fmoc-L-alanine  chloride.  Rink’s 
resin  (1  gm,  0.42  mmol)  was  sealed  in  six  resin  packets  for  this 

(58)  As  described  in  Stewart,  J.  M.;  Young,  J.  D.  Solid-Phase  Peptide 
Synthesis ,  2nd  ed.;  Pierce  Chemical  Co.:  Rockford,  IL,  1984;  p  105. 
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synthesis.  The  coupling  reactions  were  scaled  up  proportionately.  The 
wash  and  reaction  steps  were  carried  out  in  60-mL  Nalgene  wide-mouth 
polyethylene  bottles.  Cyclization  was  carried  out  by  shaking  the  six 
resin  packets  for  15  min  in  40  mL  of  20%  2,2,2-trifluoroethanol  in 
dichloromethane  that  had  been  premixed  with  0.105  mL  4  N  hydro¬ 
chloric  acid  in  dioxane.  The  product  was  cleaved  from  the  resin  by 
scaling  up  the  procedure  used  for  2  by  10- fold. 

Two  major  products  were  separated  by  HPLC  with  multiple  runs 
on  a  Merck  Lichrosorb  semipreparative  Cl  8  column  (10  x  250  mm, 
7  ,um)  with  a  100%  water- 100%  acetonitrile  gradient  in  0.1% 
trifluoroacetic  acid  over  30  min  at  3  mL/min.  A  dimer  of  3  eluted  at 
19  min,  while  3  eluted  at  19.7  min.  The  fractions  of  3  were  combined, 
lyophilized,  and  purified  by  repeating  the  HPLC  runs  to  yield  16.5  mg 
(4.3%);  HR  FAB-MS:  Calcd  (MH+)  921.5158;  Obsd  921.5172.  The 
dimer  of  3  was  obtained  in  23%  yield  from  the  first  purification;  LR 
FAB  MS:  Calcd  (MH+)  1842,  Obsd  1842. 

Acetyl-GLAGAEAAKA-amide  (1).  The  compound  was  synthesized 
in  a  resin  packet  by  using  the  coupling  cycle  and  cleavage  procedures 
described  above.  The  peptide  was  acetylated  on  the  resin  by  first 
removing  the  final  Fmoc-protecting  group  with  20%  piperidine  in  NN- 
dimethylformamide  and  then  washing  and  shaking  the  peptide-resin 
with  15%  acetic  anhydride  in  A^N-dimethyl  form  amide  for  30  min.  The 
peptide  was  purified  by  HPLC  as  a  single  peak  and  identified  by  NMR 
spectroscopy  and  LR  FAB  MS:  Calcd  (MH+)  899;  Obsd  899. 

Ace tyl-AEAAKA -amide.  The  compound  was  synthesized  and 
purified  in  the  same  manner  as  1. 

Deuterated  analogues,  la— d  and  2a— c.  The  compounds  were 
synthesized  in  resin  packets  as  described  above.  Resin  packets  were 
combined  for  common  steps  and  separated  for  individual  coupling 
reactions57  with  A-a-Fmoc-L-alanine-2-rfj,  //-a-Fmoc-L-alanine-3,3,3- 
di,  and  A-a-Fmoc-L-alanine-^.  Products  were  purified  by  HPLC  and 
their  compositions  confirmed  by  comparing  their  ID  NMR  spectra  with 
the  ID  NMR  spectra  for  the  fully  characterized,  undeuterated  com¬ 
pounds. 

Spectroscopy.  Purified  peptide  samples  were  lyophilized  at  least 
twice  to  remove  trace  amounts  of  TFA,  weighed,  and  dissolved  in 
doubly  distilled  water  or  90%  H2O/10%  D20.  The  aqueous  samples 
were  adjusted  to  pH  =  2.9  by  adding  small  quantities  of  HC1  and  NaOH. 
UV  spectra  were  recorded  in  a  1-cm  quartz  cell  (1-cm  path  length) 
with  a  Varian  Cary  3Bio  UV/Vis  spectrometer.  CD  spectra  were 
recorded  on  samples  in  a  0.2-cm  quartz  cell  (0.2-cm  path  length)  with 
an  Aviv  model  62ADS  circular  dichroism  spectrometer.  The  observed 
spectra  were  corrected  by  subtracting  a  spectrum  for  water.  Molar 
ellipticities  for  1—3  are  calculated  for  10  residues. 

Most  NMR  spectra  of  peptides  were  acquired  with  a  Bruker  AMX- 
500  spectrometer.  Except  where  noted,  all  spectra  were  recorded  on 
approximately  20  mM  peptide,  pH  2.9  at  a  probe  temperature  of  22 
°C.  Chemical  shifts  are  relative  to  internal  dioxane  at  <5  =  3.75  ppm. 


ID  NMR  spectra  in  90%  H2O/10%  D20  were  run  with  presaturation 
of  water.  Jon  coupling  constants  for  amide  protons  were  determined  at 
0.34  Hz/data  point  after  zero  filling.  2D  ROESY  experiments  were 
run  in  the  phase-sensitive  mode  using  TPPI  for  quadrature  detection 
in /i.  In  a  typical  experiment,  48  transients  of  1024  data  points  were 
acquired  in  the/2  dimension  at  a  spectral  width  of  5555  Hz  and  512  t\ 
increments  which  were  zero  filled  to  1024  data  points. 

2D  ROESY  spectra  were  acquired  for  2  with  mixing  times  of  100, 
200,  and  400  ms  and  compared  with  a  2D  NOESY  spectrum  on  the 
same  sample.  NOEs  were  far  more  intense  in  the  ROESY  spectra  than 
in  the  NOESY  spectrum,  indicating  that  the  product  of  the  Larmor 
precession  frequency  and  the  correlation  time  (curc)  is  close  to  unity. 
Strong  NOEs  with  high  signal/noise  ratios  were  proportional  to  the 
mixing  time.  The  NOE  data  that  is  reported  is  from  2D  ROESY 
experiments  carried  out  with  a  mixing  time  of  400  ms. 

Temperature  coefficients  were  determined  from  ID  and  2D  TOCSY 
experiments  run  on  a  Bruker  AM-300  spectrometer.  Spectra  were 
acquired  from  samples  in  90%  H2O/10%  D20  which  was  suppressed 
using  a  jump-and-retum  selective  excitation  sequence.  Probe  temper¬ 
atures  were  determined  by  using  a  methanol  standard. 

ID  and  2D  data  was  processed  and  analyzed  on  a  Silicon  Graphics 
Iris  Indigo  XS24  computer  using  Molecular  Simulation,  Inc.  (MSI)  Felix 
95  software. 
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